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NOMENCLATURE 
A empirical constant 
a consolidation coefficient 
a' coefficient of consolidation 
b depth of variable concentration region 
b' secondary consolidation parameter 
C solids concentration 
C empirical coefficient 
CpK ratio of floe volume concentration to kaolin 
solids volume concentration 
solids concentration at depth of interest in 
the thickener 
Cy thickener underflow solids concentration 
CvA aggregate volumetric concentration 
Cyp particle volumetric concentration 
D empirical coefficient 
D Dilution (Roberts equation) 
Dq critical dilution (Roberts equation) 
Dg characteristic media size 
Doo Dilution at infinite time (Roberts equation) 
d nominal diameter of aggregate 
d^ aggregate diameter 
d^ bulk mass density of liquid 
dg bulk mass density of solids 
xlii 
E empirical constant 
e void ratio 
F resistivity 
F empirical constant 
G, solids flux through the thickener 
q, g^ acceleration of gravity in the downward 
direction 
gg gravitational conversion factor 
K volume of aggregate per mass of solids 
k permeability 
k Kozeny's constant 
k Roberts rate constant 
ko constant representing basic geometric 
properties of a porous media 
L ultimate sediment height (depth) 
m empirical constant 
n porosity 
Pa' PB emprircal coefficients 
PL liquid phase pressure 
Pg effective pressure 
volumetric flow rate of suspension through the 
thickener 
Sq effective surface area of particles 
t time 
Uq initial interface settling velocity 
xiv 
V hindered settling velocity 
Vq terminal settling velocity of an independent 
aggregate 
Wq solids concentration per unit area 
X distance in downward vertical direction 
Zq initial slurry height 
Zf final settled bed depth 
(V^-Vs) flow velocity of liquid with respect to the 
solid phase 
a ratio of to Cyp 
0 empirical coefficient 
6g solidosity 
Cgo initial solidosity (null-stress solidosity) 
£ggo maximum solidosity 
7„ unit weight of water 
fi, dynamic fiscosity of water 
initial slurry kaolin volume concentration 
0gO initial suspension concentration 
P/Pw'Pl liquid density 
Pa aggregate density 
Pg density of solid particles 
a effective pressure 
r shear on the capillary wall 
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INTRODUCTION 
Physical/chemical water treatment processes produce 
sludges of varying consistencies. Sludge solids 
concentrations in clarifier underflows may range from 3 to 
20 percent by weight. Economical disposal of these sludges 
is an important part of the overall treatment process and 
requires the removal of as much water from the sludge as 
possible. Continuous flow gravity thickening is one means 
of removing water from the sludge. 
The design of clarifiers and gravity thickeners has 
traditionally been based upon sizing the unit to allow the 
maximum expected throughput of solids. Design clarifier 
areas are typically the greater of the areas needed to 
provide a desired surface overflow rate or that required to 
provide a desired underflow concentration based upon 
thickening in the hindered settling regime. Since gravity 
thickeners are designed for thickening of sludges from 
clarifiers, hindered and compression settling are usually 
the governing criteria for desigm. 
A schematic of a typical, continuous-flow gravity 
thickener is shown in Figure 1. The detailed design of the 
thickener may vary by installation - some may have picket 
rakes in the compression zone, some may have a deep cone 
instead of rakes - but, in general, all have center feed 
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SOLIDS CONCENTRATION 
UNDERFLOW 
Figure 1. Profiles of a typical continuous-flow 
gravity thickener 
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wells and bottom draw-off for thickened sludge. The solids 
concentration profile shown in Figure 1 is typical of a 
continuous-flow thickener operating at steady state in an 
underloaded condition. Various zones, such as the dilute or 
clear zone, feed zone and compression zone exist in the 
thickener and are so named based on the relative solids 
concentrations in each zone or due to the applicable 
thickening mechanism. 
The shape of the concentration profile is of real 
interest to the designer and operator of the thickener 
because it indicates the solids dewatering capability of the 
process. Operational factors and/or sludge characteristics 
may effect differences in the concentration profile for each 
installation. Operational factors may include: influent 
solids flux rate, underflow drawoff rate, existence and 
speed of raking in the compression zone, and the manner of 
feed distribution. Sludge characteristics are those which 
may affect its settling and compression behavior, including 
particle size, shape, and density. If the sludge is 
flocculent, factors which may affect its concentration 
profile in the thickener include those affecting the size, 
shape and density of the agglomerates, including those 
mentioned above, plus the particle surface charge and the 
pretreatment mixing intensity. 
This dissertation represents a portion of a 
4 
comprehensive study aimed at understanding the effects water 
treatment sludge characteristics have on their behavior in 
gravity thickening. The study was initiated based on 
qualitative evidence that precipitation softening facilities 
treating similar quality water with nearly identical lime 
dosages produced sludges which behaved drastically different 
during the thickening process. The three-part comprehensive 
study included fundamental studies on the behavior of 
flocculent sludges in batch thickening (Stephenson, 1985), 
studies of flocculent sludges in continuous thickening (this 
investigation), and characterization of sludges from water 
treatment plants (Peters, 1987). This dissertation focuses 
on the behavior of flocculent sludges in the compression 
zone of continuous thickeners. 
Characterization of Zones in a Continuous Thickener 
It is well known that the solids concentration profile 
exhibited in continuous thickeners reflects settling regimes 
which are related to solids concentrations. At low 
concentrations, considered dilute, the particles or 
agglomerates settle more or less independently of each 
other. As gravity forces and drag forces equilibrate, the 
particle reaches terminal velocity. Multi-sized particles 
will settle at different rates according to Stoke's Law, 
thereby possibly producing collisions between particles. 
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Depending upon the feed rate and the uniformity of the feed 
distribution, dilute settling may be attained in the feed 
zone. At higher suspension concentrations, the flow of 
water past one particle or agglomerate may affect the flow 
of water past a neighboring particle or agglomerate. This 
is considered hindered settling; and, a general consequence 
of which, the particles exhibit line settling, that is they 
settle at the same rate. Hindered settling typically exists 
in the feed zone of a continuous thickener at solids flux 
rates used in typical thickener design. As the 
concentration of particles increases even more, the 
particles come into physical contact with each other. If 
the physical situation allows, the result may be that the 
weight of solids above a layer in the settling bed may cause 
rearrangement or consolidation of that layer. A system of 
particles under this situation may be considered to be in 
compression. 
One must characterize the behavior of sludges in the 
hindered and compression regimes in order to design an 
effective continuous thickener. This characterization is 
typically accomplished using batch test results and pilot-
scale experiments on the sludge of interest. 
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Hindered settling 
Hindered settling characteristics of sludges are 
typically obtained using batch tests in which the settling 
velocity is taken to be the recession rate of the interface 
formed as the slurry settles. Several batch tests are 
typically conducted over the solids concentration range 
exhibiting hindered settling to obtain the relationship 
between settling velocity and solids concentration. 
According to the methodology originally developed by Coe and 
Clevenger (1916), when the solids concentration is 
multiplied by the associated hindered settling velocity, the 
resulting solids flux value exhibits a minimum at some 
solids concentration. Graphical methods accounting for 
gravity flux and underflow flux demonstrated by Hassett 
(1964-1965) and by Yoshioka et ai. (1957) can be utilized to 
determine the minimum flux in hindered settling and the 
resulting underflow concentration. Assuming that the 
settling velocity is exclusively a function of solids 
concentration, the minimum total flux is used as the maximum 
solids loading for the thickener design. 
The flocculent nature of the suspension has a great 
impact on its behavior in hindered settling. Aggregate size 
and density (indicators of flocculent nature) were shown by 
Stephenson (1985) to have a major impact on settling 
velocities in hindered settling. The impacts of the 
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aggregate characteristics of the diatonaceous earth 
suspensions studied by Stephenson on the settling velocities 
in batch columns diminished at solids concentrations 
approaching those expected in compression. This phenomenon 
was also noted by Khatib and Howell (1979) and Chakravarti 
and Dell (1970). 
Çompreeeipn zone 
It has been shown through pilot plant and operating 
plant evaluations that the Yoshioka construction technique 
gives reasonable estimates for thickener capacity for 
flocculent sludges when the thickener is optimally loaded -
as long as the capacity of the thickener is limited to that 
in hindered settling. A thickener operating in the flux-
limiting hindered settling regime will exhibit a zone of 
constant solids concentration with depth, the concentration 
at which the limiting flux occurs. If appreciable sludge 
compression exists, however, settling is no longer solely a 
function of sludge concentration. Rather, compression of 
the sediment may depend on the compressibility of the floes, 
the solids loading rate and the depth of the compression 
zone. The resulting underflow concentration may or may not 
match that expected on the basis of the analysis, depending 
on whether or not the batch tests were conducted at an 
equivalent compression zone height. Therefore, compression 
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zone behavior must be taken Into account In determining the 
underflow concentration from thickeners which are not 
optimally loaded. 
Models which describe compression zone sludge behavior 
are generally empirical but have gone through somewhat of a 
mechanistic rejuvenation In recent years. Early efforts In 
batch studies recognized a relationship between time under 
compression and the ultimate solids concentration obtained 
in a batch test. Roberts (1949) proposed a time-based model 
for batch studies, stating that the rate of elimination of 
pore water from the sediment was proportional to the amount 
of pore water remaining. Comings et ai. (1954) and Tory and 
Shannon (1965) proved the Roberts model in error when 
applied to continuous thickening studies stating that 
additional variables, such as flux rate and slurry depth, 
must be considered. Michaels and Bolger (1962) also 
proposed an empirical model which attempted to describe the 
solids profile in batch compression. 
Present models account for the compression zone depth 
and resulting gradient in solids pressure and the changes in 
fluid drag as a function of solids flux. Generally, these 
models utilize a force balance between solids pressures and 
liquid pressures, stating that the total pressure due to the 
gravitational weight of solids at any point in the 
compression zone is equal to, and balanced by, the sum of 
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the liquid pressure and the effective pressure (that portion 
of the total pressure taken up by particle to particle 
contacts). The liquid pressure gradient is typically 
described by a Darcian or Poiseuille equation relating the 
liquid pressure gradient to the superficial water velocity 
through a permeability function. The solids concentration 
profile and the permeability are both assumed to be 
functions of effective pressure. The relationships between 
solids concentration, permeability and effective pressure 
are typically experimentally derived, empirical functions. 
Once these empirical relationships for the slurry of 
interest has been obtained through batch or continuous 
thickener investigations, the models can be used to 
determine the shape of the solids concentration profile in 
the compression zone for the expected compression zone 
depths and solids flux rates. 
Compression models have thus evolved to the point where 
one can empirically obtain design information not obtainable 
from the flux models. As demonstrated by Kos (1977b) and 
Tiller et ai. (1986) (among others), one can estimate 
underflow concentrations at flux rates up to the maximum 
allowable flux. Compression models seem to predict 
adequately the effects of operational variable changes, such 
as changes in feed flux or changes in underflow rates, with 
various slurries, including water treatment sludges 
10 
(KOB, 1977b) and biological sludges (Hultman and Hultgren, 
1980). However, their utility as a predictive tool is 
limited because of the wide variety of suspensions which 
exhibit different flow properties and compressive properties 
in the compression zone. Additional data is needed to 
characterize this wide variety of suspensions if the 
compression models are to be useful design tools. 
It has been shown that changes in the flocculent nature 
of a suspension brought about by changes in pretreatment 
flocculent dosage change the compressibility of a suspension 
indicated by the final sediment height profile in a batch 
test (Tiller and Khatib, 1984). Additionally, flocculent 
dosage has been shown to affect cake filterability 
significantly (Dell and Keleghan, July/Aug, 1970). Since 
sludge compressibility and filterability (or permeability) 
are very important in characterizing slurries according to 
the current compression models in gravity thickening, 
further studies relating these properties to the 
characteristics of aggregates and particles of the slurry to 
be thickened would enhance application of the compression 
models. 
Research Objectives 
This study attempts to extend the efforts of past 
Investigators by providing a basis for judgement in the use 
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of constitutive relationships for compression models for 
chemical precipitation sludges. Results of this 
investigation should provide insight as to areas of emphasis 
required to optimize water treatment plants which create 
precipitant sludges and to provide information as to how 
these properties affect behavior in the compression zone. 
To provide this information, the objectives of this study 
are: 
1) Investigate effects of suspension properties 
(aggregate diameter and density, particle diameter and 
density) on compression zone behavior. 
2) Characterize behavior by examining permeability and 
compressibility relationships. 
3) Examine effects of sludge characteristics on 
channeling. 
4) Determine effects of raking on sludge behavioral 
characteristics. 
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LITERATURE REVIEW 
The literature review was conducted with the intent of 
obtaining a comprehensive understanding of compression zone 
behavior in continuous thickeners. Therefore, the review 
includes a brief discussion of historically significant 
compression zone investigations and then a rather in-depth 
discussion of current compression zone modeling efforts. 
The review covers the following topics in order: 
1) batch/continuous comparison studies; 2) compression zone 
models and supporting studies; 3) experimental determination 
of constitutive relationships; and 4) evaluation of slurry 
properties and their effects on continuous thickening. 
Batch-Continuous Comparison Studies 
The relationship between batch settling test results 
obtained using methods similar to Coe and Clevenger (1916) 
and actual sludge thickening behavior in a continuous 
thickener was investigated by numerous authors. These 
investigations have followed a rather standard format in 
which the batch settling characteristics of a slurry have 
been determined, a flux curve drawn, and the behavior of the 
continuous thickener compared by determining the operating 
position on the flux curve. 
The major basis for comparison of batch results with 
continuous results is commonly known as the "flux theory". 
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If a continuous thickener is loaded at a rate such that a 
flux-limiting solids concentration exists in the hindered 
settling regime, then a Uniform zone of constant 
concentration equivalent to the flux limiting concentration 
should appear in the thickener. Loading the thickener at a 
flux rate greater than that of the flux limiting zone will 
eventually cause the excess solids to overflow because the 
additional solids cannot pass through the "flux limiting" 
layer. Reducing the flux below that of the flux limiting 
layer will cause it to disappear, and the zones in the 
thickener will consist of a clear zone, a feed zone, and a 
compression zone. 
Using the Yoshioka construction technique illustrated 
in Figure 2, the flux limiting concentration at the tangent 
point of a line drawn tangent to the gravity flux curve and 
intersecting the flux axis at a value equal to the total 
flux should be equal to the concentration (C^) of the flux 
limiting concentration zone in the continuous thickener. 
The line thus drawn is called the "operating line" the slope 
of which is the thickener underflow rate (Vj,). The 
concentration value at the intersection of this line with 
the concentration axis is the underflow concentration (€„). 
The depth of any of the zones cannot be inferred from this 
construction because total hydrodynamic support of the 
solids is assumed. 
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Past Investigators have attempted to correlate 
continuous thickening results with the expected values of 
flux capacity or underflow concentration derived from batch 
tests. These efforts were usually directed toward 
reconciling phenomenological flux models with continuous 
thickening behavior. A wide range of parameters were 
studied, such as the effects of various operational 
parameters including underflow rate, flux rate, raking of 
the hindered and/or compression zone, on the performance of 
the thickener. Ideal suspensions, those which were supposed 
to conform to concentration dependent settling, and non-
ideal suspensions, those which were not expected to exhibit 
concentration dependent settling (flocculent sludges 
expected to compress), were studied. Typical comparisons 
between batch and continuous results were done using a 
Yoshloka construction - plotting the operating line on a 
plot of gravity flux vs. concentration. 
A summary of a few pertinent batch/continuous studies 
on flocculent suspensions is presented in Table 1. Since 
separate Investigators used different equipment for their 
batch and continuous studies, it is difficult to compare the 
results of their tests quantitatively. However, the 
highlights of general trends in the parameters studied are 
discussed below. 
Table 1. Summary of batch/continuous thickening studies 
1 Reference Suspension Type Experimental Data Parameters Studied 
1 Comings (1940) Commercial CaCO^ Batch 
-concentration profile 
-interface recession 
Continuous 
-concentration profile 
-feed flux 
-underflow rate 
-compression zone 
depth 
1 Comings, et ai. 
(1954) 
Aluminum Oxide Glass 
CaCOg and clay 
mixtures 
Batch 
-interface recession 
Continuous 
-concentration profile 
-thickener diaaaeter 
-compression zone 
depth 
-detention time 
-raking compression 
zone 
Eklund (1976) Commercial CaCOg Batch 
-concentration profile 
-interface recession 
Continuous 
-concentration profile 
-feed flux 
-raking 
-flux comparison 
Khatib and 
Howell (1979) 
Kaolin Clay Batch 
-interface recession 
Continuous 
-concentration profile 
-pretreatment mixing 
intensity 
-underflow rate 
-feed flux 
Scott (1968a) Commercial CaCOg Examined data by 
others 
-reduced flux with 
discontinuity 
Scott (1968b) Lime-flocculated 
silica 
Batch 
-interface recession 
Continuous 
-concentration profile 
-flux comparison 
-compression zone 
depth 
-underflow rate 
Scott (1970) Pyrophillite pulp Batch 
-interface recession 
-rêdced 
Continuous 
-concentration profile 
-flux compeurison 
-raking 
-underflow rate 
-compression 
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Flux comparison 
From the references listed in Table 1 it was evident 
that two criteria must be met for congruent comparison of 
flux curves obtained from batch tests with continuous 
thickening results. First, the conditions of raking and 
depth must be the same in the batch and continuous-flow 
experimental apparatus. Secondly, the comparison can be 
applied only to optimally loaded thickeners which are flux-
limited in hindered settling. 
Ecklund (1976) and Scott (1968b) compared non-stirred 
batch flux curves with raked, optimally-loaded continuous 
tests and did not get good comparisons. In these cases, the 
flux curve typically over-estimated the capacity of the 
thickener. This behavior could be expected due to the onset 
of channeling in the non-stirred batch columns at 
intermediate slurry concentrations. The channel formation 
causes an induction period early in the batch tests which is 
generally signalled by gradually increasing interface 
recession velocity. The maximum velocity is typically 
recorded as the velocity for that test. Since gently raking 
the continuous thickener destroys the channel continuity, 
the flux in a raked thickener is usually less than that 
obtained in the non-raked batch test. Scott (1970) realized 
the benefit of raking the batch column, and upon doing so. 
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found much better correlation between batch and continuous 
results. 
All of the authors listed in Table 1 acknowledged that 
compression of flocculent solids in the lower region 
nullifies the use of a single flux curve to describe 
thickener operation over all ranges of inflow. Although the 
flux curve adequately predicted the presence and 
concentration of the flux limiting layer (Ecklund, 1976, 
Scott, 1968a, Khatib & Howell, 1979), the ability to predict 
the underflow concentration was sporadic, depending 
primarily upon inflow flux rate and the depth of the 
compression zone. In order to be able to use the flux curve 
to describe the operation of a continuous thickener, Khatib 
and Howell (1979) concluded that separate flux curves would 
be needed for the consolidation region for each compression 
height, and they drafted an experimental flux curve based on 
continuous thickener results. Scott (1968b) suggested the 
use of a series of flux curves, the right hand side of which 
was modified to account for the degree of compression 
occurring in the thickener. Hassett (1964-1965) recommended 
the use of a "flux band" consisting of a range of points 
obtained from continuous thickening studies conducted in the 
compression zone concentration range on the gravity flux 
line to provide a satisfactory basis for predicting the 
performance of a continuous thickener. 
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Effect of feed flux, underflow rate and depth 
The steady state profile of the compression zone in a 
continuous thickener can be manipulated by varying the 
underflow rate if the feed flux remains constant or by 
varying the feed flux if the underflow rate remains 
constant. Comings (1940) provided some of the early 
evidence of the interplay between these operating 
parameters. He thickened slurries prepared from commercial-
grade calcium carbonate in a continuous-flow, 20 cm-
diameter, 120 cm-tall glass column which had a rake at the 
bottom to facilitate sludge draw-off. He also conducted 
non-stirred batch studies on the same slurries. Solids 
concentration profiles with depth were obtained for both 
batch and continuous studies by using dip tubes to sample at 
various depths. 
Concentration profiles taken from batch tests allowed 
to subside until no further settling was apparent exhibited 
a solids concentration gradient ranging from approximately 
75 g/1 at the surface to 320 g/1 near the bottom. Comings 
concluded that the calcium carbonate slurry was compressible 
and postulated that the buoyant weight of the solids at any 
given layer below the top layer in the sediment caused 
compression in the layer of interest. Before attainment of 
the ultimate profile in the batch test. Comings postulated 
that the gravity forces on a layer of solids were balanced 
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partially by particle to particle contacts and partially by 
fluid friction forces between the solids and the fluid 
flowing around the solids which had escaped from lower 
layers. Comings concluded that not only was duration of 
compression Important, but also that the depth of the 
compression zone was Important In determining the final 
solids concentration. 
Comings ran steady-state continuous thickening 
experiments to examine the effects of feed rate and 
underflow rate on the continuous thickening process. 
Results of his efforts are shown in Figures 3 and 4. In 
Figure 3, it can be easily seen that as the feed rate 
remains constant (relatively), the steady-state 
concentration profiles change as the underflow rate changes. 
(The additional solids concentration increase at the bottom 
of the thickener was attributed to rake action.) Comings 
attributed the different concentration profiles to the 
effects of depth of the compression zone and sludge 
detention time in the compression zone. 
To examine the effect of feed rate, Comings compared 
the concentration profiles of a run in which the thickener 
was optimally loaded or somewhat overloaded with that in 
which the thickener was underloaded. The overload was 
obtained by simply increasing the feed rate to the thickener 
after the underloaded concentration profile had been 
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obtained. As can be seen In Figure 4, the difference In the 
underflow solids concentration Is negligible. 
The significance of Comings work was that It represents 
early evidence of compression phenomena for non-Ideal 
suspensions. Comings himself recognized that discrete 
suspensions which settle to form a rigid sediment would not 
exhibit a concentration gradient In the compression zone but 
that the depth of the compression zone would be more 
significant for flocculent pulps. 
Coming's results exemplify the general characteristics 
of compression zone effects on continuous thickening of 
flocculent, compressible slurries. At a constant Inflow 
rate, the underflow concentration varies inversely with 
depth of the compression zone. With a constant depth of 
compression zone, as the feed flux increased and the 
underflow adjusted to achieve steady state, the underflow 
concentration decreases. Single flux curve comparisons with 
continuous results are not successful when the capacity of 
the thickener is not controlled by a flux limiting layer in 
the hindered settling regime. 
These characteristics are not surprising, since the 
flux approach only applies to situations of hindered 
settling. They reinforce the idea that the Coe and 
Clevenger method does have its place in the design of 
continuous thickeners, but it is Inadequate for use in 
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describing the operation of thickeners at loads less then 
that in which hindered settling controls. 
Compression 
As noted in the above discussion, the presence of 
compression in the continuous thickener makes it difficult to 
apply the flux model to determine the underflow concentration 
in a continuous thickener. Differences in batch and 
continuous thickener depth as well as raking effort were 
mentioned as causes for these difficulties. In addition, the 
degree to which the thickener is loaded has much to do with 
the difference between flux-controlled and underflow 
concentration- controlled operation. 
The difference between flux and underflow concentration-
control can be described in the context of the forces imposed 
on the settling aggregates at various operating points on the 
flux plot. Dixon (1977) described the true flux plot as "the 
locus of points for which the gravitational and drag forces 
(on the particles/aggregates) are balanced. At all points 
above the flux line, drag exceeds gravity; at all points 
below the line, drag is less than gravity." Thus, when 
comparing the position of the operating line with respect to 
the gravity flux curve when the thickener is underloaded, the 
nearer the operating line is to the flux line at a given 
concentration, the more solids weight is supported by drag, 
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and so the compressive stress increases less rapidly with 
depth. This also indicates that there must be an inherent 
relationship between flux and compression zone behavior. As 
the thickener operates at flux loadings increasingly less 
than the critical flux, the greater the magnitude of 
compression. 
The solids concentration profile gives direct evidence 
of compression for flocculent suspensions. If flux 
limitation exists in a continuous thickener, a zone of 
constant concentration must exist, since the solids would be 
totally supported hydrodynamically, and no force for 
compression would exist in the zone of constant 
concentration. Compression would thus be indicated by an 
increasing solids concentration with depth, since the total 
weight of the solids are not supported hydrodynamically. A 
portion of the solids are supported by the structure, and the 
gradually increased weight of the overlying layers would 
cause further compression. The actual shape of the the 
compression profile would depend upon the compressibility of 
the thickening zone and the flux loading of the thickener. 
Conceptual models of compression 
The term compression implies an action of forces upon 
the sludge in the compression zone. Nearly all of the 
investigators working with compression zone phenomena agree 
25 
that the major forces acting on the solids in the compression 
zone are fluid forces and solid forces. At any particular 
elevation in the bed, the compaction is caused by the 
unbuoyed weight of the overlying solids (solid forces) less 
the drag force on those solids caused by the relative motion 
of the water with respect to those solids (fluid forces). 
Assuming the preceding statements are true, two additional 
elements in using compression models are: defining the 
concentration or level in the thickener at which compression 
actually occurs, and describing the phenomena which account 
for the removal of water from the solids. 
In the interest of maintaining uniform terminology, it 
is important to define such terms as particles, aggregates, 
and floes. To maintain continuity with terms used previously 
in this research effort (Stephenson, 1985), Michaels and 
Bolger's (1962) definitions for these terms will be adopted. 
They assumed that primary particles are the basic building 
blocks of the flocculent system. Floes are small clusters of 
primary particles (including enclosed water) and generally 
were assumed to assume a spherical form of uniform size which 
was a function of the pretreatment environment and 
conditions. The integrity of the floes was assumed to 
survive under the flow conditions and collisions occurring in 
gravity settling. Therefore, the floe was assumed to be the 
flow unit of interest in the thickening process. Aggregates 
26 
are clusters of floes which form under the low shear rates 
present in the continuous thickener. These clusters may 
extend to the walls of containers and form extended networks 
which may have structural strength. 
Onset of compression 
At the top of the compression zone the solids 
concentration appears to increase nearly instantaneously to 
an initial solids concentration sometimes designated the 
null-stress concentration or porosity (Tiller and Khatib, 
1984). It is typically assumed that above this 
concentration, the solids are assumed to be in compression. 
This rapid increase is experimentally exhibited in 
concentration profiles of continuous thickeners and in batch 
thickening experiments when the initial concentration is in 
the hindered settling regime (Fuerstenau, 1960, Shin, 1977). 
Dixon (1977) concluded that a retarding force is 
necessary to cause this increase in solids concentration, 
this force being supplied by the sediment as the free 
settling particles or floes encounter the top of the 
sediment. He stated that thickening occurs below the point 
of impact and that the driving force for thickening does not 
occur in the free settling regime, but that the regime of 
what others may call hindered settling may actually be in 
compression, however minute the compression forces actually 
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may be. According to Dixon's definition, the region of 
constant concentration which appears when the thickener is 
flux limited in hindered settling is also actually a zone of 
compression, but the increase in concentration is slight 
because the liquid drag support is dominant. 
Dixon's views of compression in the constant 
concentration zone which others may view as hindered settling 
are shared by Hanson (1985) in the development of his model 
describing batch settling tests. Based upon work by Gibson, 
Been and Sills, Yong and Elmonayeri, and Lin (Hanson's 
references), Hanson assumed that compression existed in the 
hindered settling test as soon as the interface formed in the 
settling column. The weight of the structure assumed to 
exist in the column eventually caused collapse at the base of 
the structure. The sediment at the bottom entered into a 
state of compression at higher solids concentration and the 
structure above settles by zone settling due to fluidization 
by water expressed from the bottom layers. Eventually the 
entire contents of the column entered the higher state of 
compression. 
In their development of a model for intermediate 
concentration slurries, Michaels and Bolger (1962) assumed 
that the aggregates in the constant concentration zone form a 
network that has structural strength. In a batch test, the 
settling velocity of the interface responds to the dynamic 
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changes in the aggregate network. The network is modified by 
plastic deformations of the aggregates and the development of 
channeling within the network. 
The situations such as those above in which a constant 
concentration zone in hindered settling exists is of interest 
in those cases in which a thickener is loaded at its maximum 
capacity and in cases of batch thickening. As mentioned 
before, flux theory can adequately predict thickener capacity 
and underflow concentrations in those situations. However, 
if a thickener is operated to obtain a high underflow 
concentration, the area and depth requirements of the 
compression zone will require underloading with regard to the 
maximum allowable flux in hindered settling, so the zone of 
constant concentration in hindered settling will not appear. 
In these cases, the onset of compression is unmistakably the 
point at which the solids concentration profile exhibits 
concentration increases at a decreasing rate until the 
underflow solids concentration is reached. 
Compression mechanisms 
Conceptual models of the compression zone must account 
for the mechanism causing the increase in solids 
concentration with depth. Shin and Dick (1975) attributed 
the solids concentration increase to the collapse of the 
aggregate structure from aggregate deformation and sliding of 
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adjacent particles over each other to form a more compact 
system. Effective stresses and fluid shear forces were cited 
as responsible for aggregate volume reduction. Evidence for 
aggregate property changes was developed using aggregate 
density and diameter data derived from batch test results. 
Kos (1977b) views this compression zone as a non­
uniform, deforming flocculent porous medium. The porous 
medium consists of floes in mutual contact and the non-
uniformity is caused by channels which he assumed to exist in 
most systems in which a flocculent sludge is thickened. As 
the pressure of the overlying solids compress the floes, they 
lose their individual character (as opposed to their 
individual behavior in the dilute zone). Water released by 
the compressed floes flows upward through the channels and 
pores in the solids matrix. Therefore, the solids 
concentration increase with depth is caused by particle 
rearrangement within the floes into a more compact structure. 
The flocculent structure can transmit higher effective 
pressures as more particle to particle contacts are created. 
Tiller et al. (1985) presented the illustration of a 
continuous thickener shown in Figure 5 which demonstrates the 
movement of the liquid and solid phases in the compression 
zone. The thickener was assumed not to be flux limited in 
the feed or transition zone and was assumed to have a flat 
bottom with the capability to remove solids as they arrive at 
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the bottom. As shown, the downward velocity of the solids is 
always greater than the liquid, but the velocity difference 
decreases as the solids move downward in the thickener, thus 
leading to an increased solids concentration. 
Michaels and Bolger (1962) developed their model by 
examining the batch-settled bed concentration profiles from 
the data of other investigators. The profiles they examined 
were characterized by an upper increasing concentration zone 
under which a zone of nearly constant solids concentration 
existed. Michaels and Bolger postulated that the upper 
region depicted the increased effective pressure available to 
force floes into random close-packed arrangements. Once in 
this arrangment, forces within the column were not great 
enough to rearrange the primary particles within the floes. 
The conceptual model of Scott (1968c) was similar to 
that of Michaels and Bolger (1962) except that he assumed the 
presence of only floes and primary particles. He presumed 
that the floes are compressed to a point which exceeds close 
packing, visuallizing the compression zone now as a random 
assemblage of primary particles containing no identifiable 
discrete floes. Thickening in this zone implies a closer 
packing of particles occurring through shearing of particle-
particle bonds and elimination of voidage water. The rate of 
collapse of this zone was assumed to be controlled by the 
rate at which water can escape upwards which was controlled 
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by the permeability of the assemblage of primary particles. 
Collapse proceeds only if the weight of overlying solids was 
great enough to cause collapse of the particle-particle 
structure. 
The effects of compression zone phenomena on compression 
zone structures were noted by Javaheri and Dick (1969). They 
reported that the increased shear stress on the aggregate 
surface caused by the flow of displaced water and the 
compressive stress existing in the porous structure caused 
the aggregates to become smaller and denser as the particle 
concentration increased in the compression zone. This 
concept was embraced by Stephenson (1985) who stated further 
that due to inter-aggregate flow, the hindered settling 
regime may extend to much higher concentrations than 
suspected. 
While the above-mentioned conceptual models do not 
totally agree on the basic structure unit in the compression 
zone, most seem to agree that some type of structure does 
exist in the compression zone. The increased concentration 
profile indicates a rearrangement of structural units at some 
level of description. The forces within the compression zone 
are great enough to remove water from the largest structural 
unit assumed and the elimination of water is a function of 
the permeability of the overlying system and the effective 
pressure of the overlying system. 
33 
Early compression models 
The compression models which appear in the literature 
indicate gradual enhancement in the understanding of 
compression phenomena. They range from a simple time-based 
model to the present force balance models which seem to be 
phenomenologically more correct. All models depend on the 
use of empirical data obtained from each sludge of interest. 
No model presently exists in which the thickening properties 
of the sludge can be determined through physical measurements 
of sludge properties such a particle or aggregate diameter or 
density. Fitch (1975) reviewed compression theory and 
identified several of the early models, a brief summary of 
which appears below. 
Coe and Clevenger In addition to their observations of 
hindered settling, Coe and Clevenger (1916) recognized 
compression phenomena in the metallurgical pulps they 
examined experimentally. They realized that compression in a 
batch test was affected by both time and depth. After 
running a series of tests with a moderately thick pulp in 
batch columns of different heights, they "found that after 
allowing time for the structure to develop and channels to 
form in the deep cylinder, the total settling at various 
periods of time was approximately proportional to the depth 
of the cylinder." Also, "In two vessels of unegual depth, 
filled with the same kind of pulp and started to settle at 
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the same time, the total pulp in the more shallow vessel will 
begin to compress more quickly and will thereafter for many 
hours remain thicker than the pulp in the deeper vessel, even 
though the critical points occur not more than an hour apart. 
This indicates that thickening in the compression zone is a 
function of time." However, they stated that the "law of 
compression as a function of time would not hold" in cases 
where structure or high concentration of the pulp would not 
allow channels to form. Finally, they outlined a method for 
calculating the depth of the settling tank based on a volume 
of the compression zone that was determined from the time 
needed for compression. 
Roberts Roberts (1949) proposed a somewhat more 
satisfying time-based model stating that the rate of 
elimination of water from slurries under compression was 
proportional to the water left in the sludge up to infinite 
time. This idea was put into an equation as follows: 
-^ = (D-D^)k (1) 
in which D = dilution at any time, t, referenced to the time 
the critical concentration appears at the slurry interface. 
Da, = dilution at infinite time, and k = rate constant. Upon 
integration, the equation becomes: 
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in which Dq = critical dilution (the dilution at which 
compression starts). If the correct value for is guessed, 
this equation plots as a straight line on semilog paper (with 
time on the arithmetic axis and D - on the log axis) and k 
is calculated from the slope of the line. The volume of the 
compression zone is calculated by determining the volume of 
solids and associated water accumulated in the tank in order 
to reach the desired underflow dilution. 
The Roberts equation was embraced by Behn and Liebman 
(1963) who investigated factors affecting k. They concluded 
that k depends upon "the densities of solids and suspending 
medium, the suspending medium viscosity, and the critical 
height (height at which compression begins)." In extending 
their work to the design of thickeners from results of batch 
tests, they made the assumption that the effect of 
compression zone depth on solids concentration was linear. 
Although Coe and Clevenger and Roberts recognized the 
time dependence of thickening in the compression zone, the 
time based models generally failed when applied to continuous 
thickening results. A good illustration is the data of 
Comings et ai. (1954) in which he found that with equal 
solids detention times in the compression zone, the underflow 
concentration decreased as the depth of the compression zone 
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increased. Tory and Shannon (May 1965) sited work by 
Yoshioka and used their own data to show that Robert's k is 
not a constant, but is proportional to the weight of solids 
per unit area in the thickener. 
Effective pressure models 
Current compression zone models typically relate the 
solids concentration to the effective pressure acting upon 
any horizontal layer in the compression zone. Empirical 
relationships between effective pressure and the 
permeability and compressibility of the thickening zone 
matrix are used along with force and mass balances of the 
solids and liquids in these models. With changes of 
boundary conditions or other simplifications, the effective 
pressure models can be used to describe the concentration 
and fluid pressure profiles existing in batch or continuous 
steady-state or non-steady-state thickeners (Shirato et al., 
1970, Shin and Dick, 1975, Kos, 1977b, Chandler, 1977, 
Hultman and Hultgren, 1980, and Tiller et ai., 1985). While 
the above authors have worked mainly with water and 
wastewater treatment sludges, somewhat parallel 
investigation and research have been conducted in the 
geotechnical area directed at consolidation of soft clays 
and predicting settlement and dewatering in dredge spoil and 
tailing ponds. The dewatering research was evolved from 
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large strain theory developed by Gibson and utilized in 
practical ways by various authors. Examples of geotechnical 
applications include self weight consolidation in slurried 
mineral waste ponds (Carrier et al,, 1983), seepage induced 
consolidation in waste slurry ponds (Huerta et al., 1988), 
and consolidation and permeability measurements for soft 
clays (Pane et ai., 1983, and Znidarcic at al., 1986). 
The basic theory of consolidation due to self-weight, 
and relationships between permeability, compressibility, and 
consolidation appear to be common to both geotechnical and 
water and wastewater sludge thickening investigations. 
However, the geotechnical application appears restricted to 
batch processes whereas attempts have been made to apply the 
models to continuous processes in water and wastewater 
sludge thickening investigations. 
The discussion and development of the equations shown 
below are typical of most of the references dealing with 
continuous thickening of water or wastewater treatment 
sludges. The nomenclature of Kos (1977b) is adopted 
primarily because mass per unit volume solids concentrations 
are used directly in the equations. Additionally, the 
development will be restricted for application to continuous 
thickeners operating at steady state to complement the 
experimental portion of this dissertation. 
Kos (1977b) derived his model assuming a saturated 
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porous medium with point contacts between particles. The 
liquid and solid phase were assumed incompressible (liquid 
density and solid particle density were constant), and no 
exchange of mass between phases was assumed to occur 
(precipitation or dissolution absent). Movement of solids 
and liquids was assumed to occur in the vertical direction 
only. The derivation of the model using the Kos (1977b) 
nomenclature is given below without accounting for effects 
of sludge funnelling (Dixon, 1980) and conical sections 
(Shannon and Tory, 1966) which could be taken into account 
to enhance the model. 
Force balance At any given layer in the compression 
zone, the forces acting in the vertical direction include 
gravity forces and fluid forces. The downward gravity force 
is assumed equal to the buoyant weight of the solids in the 
layers above the layer of interest. The major increments of 
support that resist the downward force are fluid forces due 
to the relative movement of the solids with respect to the 
water and solid forces due to the framework of particle to 
particle contacts assumed to exist in the compression zone. 
Due to the low velocities involved in the compression zone, 
inertial forces are typically neglected. Side-wall friction 
between particles and the cylinder are also typically 
neglected. 
An illustration of an ideal thickener cross-section 
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showing the coordinate axis is shown in Figure 6. Assuming 
the downward direction as positive, the differential force 
balance of the solid phase at any horizontal layer in the 
compression zone is (Kos 1977b): 
in which pg = effective pressure; dg = bulk mass density of 
solids; = acceleration of gravity in the x direction; n = 
porosity; ~ liquid phase pressure; F = resistivity; -
Vg) = flow velocity of liquid with respect to the solid 
phase. The forces represented by the terms in this equation 
are, from left to right, differential effective pressure, 
gravity force on the solid phase, buoyant force of the 
liquid phase on the solid phase, and the fluid friction 
force. The resultant fluid friction force is in the upward 
direction because the solids in the thickener move downward 
at a higher velocity than the liquid, causing the fluid 
friction force to be a net negative value. 
Using the same axis definition, the liquid force 
balance is: 
in which = liquid bulk mass density. Forces represented 
by the terms are the liquid pressure force, gravity force 
and the drag force. 
" ^  - ( 1  ^+F ( Vj; - Vg) =0 (3) 
( 4 )  
40 
t-L + % Ps + dPg 
% 
JL. 
Figure 6. Forces acting on a thin horizontal layer in 
the compression zone of a thickener 
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Addition of the solid and liquid force balance yields 
the following equation: 
<5) 
dx dx 
If this equation is integrated over the depth of the 
compression zone with zero depth at the top of the 
compression zone, the equation assumes the form 
X 
Ps(x)+Pi,(x)=gxj^(d^+ds)dx (6) 
which is a mathematical statement that the sum of the 
effective pressure and the liquid pressure equals the 
gravity pressure. 
Mass balance When the continuous thickener is operated 
at steady state, the total solids flux at any depth in the 
thickener is constant. Assuming the velocities of the 
liquid and solid are equal at the discharge of the 
thickener, the mass balance yields an equation of the 
following form: 
(VL-Vs)n = _ Qu^u 
in which = volumetric flow rate of suspension through the 
thickener, C„ = solids concentration in the underflow, A = 
thickener area, Gg = solids flux through the thickener, and 
= solids concentration at any layer in the compression 
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zone. 
Constitutive relationships Variations in the relative 
magnitudes of the fluid and gravity forces with depth in the 
compression zone influence the manner in which the volume 
concentration of solids (herinafter called solidosity) 
increases with depth. Therefore, the solids profile in the 
compression zone is affected by the ease with which the 
water can move through the compression zone (permeability) 
and the compressibility of the aggregates in the compression 
zone. In order to characterize the behavior of the 
compression zone for a compressible media, the response of 
the compressible system to effective pressures and fluid 
drag forces are defined by developing equations called 
constitutive relationships. 
The coefficient of compressibility of the solids in the 
compression zone may be given by (Kos, 1977b): 
dd 
in which a is a non-linear coefficient of consolidation that 
expresses the change in solids concentration with the change 
in effective pressure. A simlar equation is given by 
Carrier et ai. (1983) in terms of void ratio. The 
coefficient of consolidation is non-linear at the low 
effective pressures exhibited in the compression zone, and a 
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constitutive relationship between the solids concentration 
(or void ratio) and effective stress is typically obtained 
experimentally. 
Shirato et a i .  (1970) determined experimentally that 
the change in solids concentration with changes in effective 
pressure varied nonlinearly over orders of magnitude under 
the low pressures experienced in thickening. Other 
researchers have confirmed this relationship, and have 
assumed, or obtained experimentally, similar relationships 
between solids concentration and effective pressure. 
Expressions developed by some of these researchers are given 
in Table 2. These expressions are all empirical, and are 
typically developed from batch or continuous thickener 
operating data. 
The expressions for compressibility in Table 2 are 
strikingly similar. Except for Hultman and Hultgren (1980), 
all assumed that the solids concentration (or void ratio) is 
related to the effective pressure on a log basis. All 
assume the existence of a null-stress concentration. 
Although not apparent in their respective equations. Carrier 
et al. (1983) and Huerta et al. (1988) assigned an initial 
or null-stress concentration in the application of their 
models. From the examples in Table 2, it can be deduced 
that these authors assumed that solids pressure is the major 
factor causing the rearrangement of aggregates or particles 
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Table 2. Equations for constitutive relationships 
developed or assumed by various Investigators 
Investigator Compressibility Permeability 
Carrier et al. (1983) e=Ae* k=E[eP/(l+e)] 
Kos (1977a) C-Cq+AO® k-k(C; (Vg-Vi,)n) 
1 
Hultman and Hultgren 
(1980) 
a = constant k=aC* 
Tiller et ai. (1986) es=Cso(l+(Ps/Pa))f k=ko(l+(pg/Pa))-* 
Huerta et al. (1988) e=Aa® k=CeD 
A, B, C, D, E, F, a, b, A, B, p^, fi, S = empirical 
constants 
a, Pg - effective pressure 
C = solids concentration 
e = void ratio 
Cg = solidosity 
Ik = permeability 
subscript 0 = initial value of a subscripted parameter 
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resulting in changes of solids concentration or void ratio 
and changes in the flow properties of the suspension. 
In addition to the above examples, Shin and Dick (1975) 
concluded from batch compression tests on a lime softening 
sludge that the compressive stress was the principal factor 
in determining the solidosity. Their data showed that 
concentrations obtained after different time periods were 
caused by the same compressive stress. Their data also 
showed that a greater fraction of the total pressure was 
supported by solids pressure as the solids concentration 
increased. 
The rate of change of fluid pressure with depth is 
typically modeled with principles similar to those used to 
describe permeability through porous media. The pressure 
gradient may be described with a form of Darcy's 
relationship, in which the fluid friction is related to the 
permeability of the matrix and the velocity of fluid flow 
with respect to the solid particles. Laminar flow through 
the porous media is assumed (Shin and Dick, 1975). The 
driving force for fluid flow is the excess pore water 
pressure caused by the effective pressure of the overlying 
solids. For the Kos (1977b) derivation. Equation 4 is 
modified by inserting a permeability coefficient for the 
resistivity; 
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in which k(x) = intrinsic conductivity at depth x (if) and /x 
= dynamic viscosity of water. 
Again, permeability changes with degree of 
consolidation. The permeability constitutive relationships 
adopted by several authors are also shown in Table 2. All 
authors except for Kos (1977a) express permeability as a 
function of void ratio, solids concentration, or directly as 
a function of effective pressure. Those which express 
permeability as a function of void ratio or concentration 
could be also expressed directly as a function of effective 
pressure by substituting the compressibility relationship 
into the permeability equation. Again, from the expressions 
assumed by the majority of the authors in Table 2, it is 
apparent that these authors assumed that solids pressure is 
the major factor causing the rearrangement of aggregates 
resulting in changes in solids concentration and flow 
properties of the compression zone. 
Using continuous thickening experiments, Kos (1977a) 
determined that solidosity and permeability were functions 
of factors in addition to the effective pressure. According 
to Kos the assumed change in structure as the suspension 
moves deeper into the compression zone and the effects of 
channel formation were assumed responsible for nonDarcian 
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behavior at a given solids concentration. That is, the 
relationship between superficial velocity and the liquid 
pressure gradient was nonlinear for a given solids 
concentration. This relationship is shown for a range of 
processes in Figure 7. Kos assumed detachment of small 
particles or floes was a function of superficial velocity 
and that at larger superficial velocities, the liquid shear 
stress on the structure caused detachment of small particles 
resulting in the creation of a coarser structure. The 
liquid pressure gradient in the coarser structure would be 
less than that in a finer stucture. Since a range of 
superficial velocities was expected with depth in the 
thickener, various degrees of coarseness were expected and 
thus nonDarcian flow was expected. 
Kos determined that consolidation was a function of 
solids effective stress and fluid shear stress. Using a 
capillary tube model, he was able to show that the varying 
structure of the compression zone was not only dependent on 
effective stress, but also was related to changes in flow 
conditions brought about by decreased shear at lower solids 
concentrations (higher flow velocities). Thus, his second 
model for compressibility was as follows: 
dC=^da+^dT=a'da+Jb'd(Vs-Vj,)n (10) 
in which C = solids concentration, a = effective pressure. 
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CONCENTRATION 
V 
Figure 7. Relationship between superficial velocity 
and liquid pressure gradient for a range of 
dewatering processes 
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T = shear on capillary wall, a' = coefficient of 
consolidation, and Jb' = secondary consolidation parameter. 
Application of effective pressure models 
Once the force and mass balance equations are assumed 
and the appropriate constitutive relationships are obtained 
from experimental data, calculations of the desired 
parameters in the compression zone can be conducted. For 
the Kos example. Equations 5, 7, 8, and 9 can be used to 
calculate the concentration and pressure profiles in the 
continuous thickener given the desired underflow 
concentration, solids flux, solids density, and the null 
stress concentration. The solution may start at the top of 
the compression zone at which the superficial velocity can 
be calculated using Equation 7. The superficial velocity is 
used in Equation 9 along with the permeability at the null-
stress concentration calculated from the constitutive 
relationship to determine the liquid pressure gradient. 
Assuming the liquid pressure gradient is constant over a 
small increment of depth, the effective pressure change over 
the increment can be calculated using Equation 5. The 
concentration change corresponding to that effective 
pressure change is then calculated using Equation 8. The 
calculation then proceeds in depth increments until the 
depth is reached at which the calculated concentration 
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equals the underflow concentration. By recording the 
concentrations and pressures at each depth increment, the 
profiles are generated. 
Using systems of equations similar to those above, 
investigators have modeled the response of thickeners to 
changes in operational variables. Figure 8 (Kos, 1977a) 
shows how the underflow concentration from a gravity 
thickener thickening alum sludge would respond to various 
depths of the compression zone and suspended solids 
loadings. The plotted data points in Figure 8 were obtained 
from steady state continuous thickening tests. Figure 9 
(Tiller et al., 1985) presents these results in a similar 
manner showing the sediment height needed to obtain a 
desired underflow concentration at various solids underflow 
rates. The horizontal to vertical nature of the iso-
concentration lines indicate the transition between 
compressive force-dominant operation to hydrodynamic force-
dominant operation. That is, effective pressures dominated 
the forces in the compression zone at lower fluxes, while 
fluid pressures dominate compression zone behavior at high 
flux rates. The vertical zone essentially indicates that 
the thickener would be flux-limited in this region. 
51 
S 
s 
f 
! 
9 100- -
6 • 10 12 14 ie 18 20 22 24 26 28 M 32 34 M 38 40 
CONCENTRATION OF THICKENED SLUDGE. 8/1 
Figure 8. Relationship between thickening zone depth and 
underflow solids concentration at various flux 
rates (Kos, 1977a) 
52 
5.0 — CONTINUOUS I I I I 
THICKENER 
I  I  I  111 
2.5 
r-T 
€,«0.2(I+0.IP,)0' 
.a 'I0'°(l+0.IP,)°^ 
SP.GR «3.0 
2.0 -
g  
I 
s 
(0 
1.5 
^OPERATING 
VRANGE 
UNDERFLOW 
CONCENTRATION 
h VOL. MASSX 
0.652-
7000 
1.0 -
0.385 ;3000 
0.372 0.645 
0.354 
0.317 
M i l  I I I I I 
0.4 0.6 
0.5 = 
q, m/t 0.2 
FT^DRY TON'DAY 1000 600 400 
Figure 9. Compression zone depths to achieve a desired 
underflow concentration at various flux rates 
(Tiller et al., 1985) 
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Experimental Determination of Constitutive Relationships 
Permeability and compressibility were introduced in the 
previous section as parameters characterizing the behavior 
of sludges in the compression zone. Since these factors are 
likely different for every sludge, the relationships between 
permeability, solidosity and effective pressure and/or 
superficial velocity have been typically obtained using one 
of several types of experimental methods. Experimental 
methods which have been used include batch sedimentation 
(Shirato et al., 1970, Tiller and Khatib, 1984, Dell and 
Sinha, 1966, and Chen, 1984), continuous thickening 
experiments (Kos, 1977b), and upflow tests (Tiller et ai., 
1985, Chen, 1984, and Kos, 1980). All of the methods entail 
collecting data using the sludge of interest and fitting the 
data with an equation of best fit. Thus, the constitutive 
relationships are empirical in nature. 
Compressibility 
The majority of investigators have used long term 
sediment tests to obtain equations relating solidosity to 
effective pressure. The tests consist of simply allowing a 
suspension of known solids concentration to settle and 
consolidate until no further settling occurs. Solids 
concentrations versus depth profiles are obtained by either 
sample extraction and solids determination (Shin and Dick, 
54 
1985, and Chandler, 1983) or by some nonobtruslve method 
such as X-ray absorption (Gaudln et al., 1959, and Scott, 
1968c). Dynamic fluid forces are assumed absent at the 
final sediment height, allowing the calculation of the 
effective pressure of the solids above a layer of interest 
from the concentration profile. 
Shirato et al. (1970), Tiller and Khatib (1984), and 
Chen (1984) developed the compressibility constitutive 
relationship by simply measuring the final depth of the 
sediment using different initial heights of suspension 
thereby obtaining different ultimate suspension depths. 
Since the initial solids concentration was known and the 
solids volume concentration per unit area of the test 
cylinder remained constant throughout the test, the solids 
volume concentration per unit area could be compared to the 
ultimate sediment depth. 
The mathematical manipulation of the data from sediment 
height measurements used by Shirato et ai. (1970) assumed 
the solids volume concentration per unit area was related to 
the ultimate depth according to the following equation: 
Wc=AL'" (11) 
in which Wg = solids volume concentration per unit area, L = 
ultimate depth, and A and m are empirical constants. When 
the log of was plotted vs the log of the ultimate depths. 
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the slope of the line should be m and the ordinate at L = 1 
should be the log^^g A. 
Tiller and Khatib (1984) noted that the slope of a line 
tangent to a point on the concentration profile (solids 
volume concentration per unit area vs. depth) in a sediment 
test is equal to the solidosity. In equation form: 
e 5 
dw, 
dL 
e (12) 
in which Cg = solidosity (volume of solids per unit volume). 
By taking the derivative of Equation 11 with respect to L, 
and substituting the result for dWg/dL in Equation 12, the 
equation was transformed to the form: 
€s=mAL'"~^ (13) 
in which solidosity is shown to be a function of depth. 
They also assumed that when the final sludge height is 
obtained, the excess pore pressure is zero. Therefore, the 
effective pressure at any depth is equal to the bouyant 
weight of the solids above that depth according to the 
equation: 
P5=(Ps-pL)SrAL'" (14) 
in which pg = density of solids and = density of liquid. 
By solving this equation for L and substituting for L in 
Equation 13, the following equation was formulated: 
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(15) 
Knowing the values for m, A, pg and p^, this equation is of 
the form: 
As noted by Tiller and Khatib, this equation fails at null-
effective pressure because the result is zero solidosity, 
and not the null-stress solidosity. Using methods similar 
to those above, the batch data can be fit to constitutive 
equations which account for null-stress solidosity, examples 
which follow (Tiller et al. (1985)): 
These equations are somewhat better than Equation 16 because 
the null stress solidosity is obtained at zero effective 
pressure. 
According to the force balance of Equation 6, effective 
pressures can be calculated if the total pressure and the 
fluid (pore water) pressure are known. This indirect 
measurement of effective pressures has been accomplished by 
subtracting piezometrically obtained pore water pressures 
es=CpJ (16) 
(17) 
(18) 
57 
from total hydrostatic pressures calculated from solids 
concentration profiles. This method was used by Shin and 
Dick (1975) and Shirato et al. (1970) for batch studies and 
by Kos (1977b) for continous thickening studies. 
Measurement of effective pressures has been 
accomplished directly with rubber diaphragms (Dell and 
Sinha, 1966) although Dell and Kaynar (1968) found this 
method erratic at high solids concentrations. 
Null-stress solidositv 
The null-stress solidosity occurring at the upper 
boundary of the compression zone was needed to define the 
upper bound for the force-balance type continuous thickening 
models described in the previous chapter. Kos (1977b) and 
Chandler (1977) assumed that the null stress solidosity was 
constant at all applied flux levels, while Chen (1984) has 
shown that, at least on a batch scale, the value of the null 
stress solidosity changes with flux rate and exhibits a 
minimum when the flux rate is at or near the maximum gravity 
flux rate. The obvious method for determining this 
parameter would be by direct measurement of the solids 
concentration at the compression zone interface. However, 
consistent measurement of this value has proven difficult 
(Motyka, 1978, and Chandler, 1977) due to dilution of the 
solids as the sample is withdrawn. 
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Continuous thickening and batch settling experiments 
have been used to determine values for null stress 
solidosity. Tiller and Khatib (1984) assumed that the null 
stress solidosity could be obtained from the solids volume 
concentration per unit area versus ultimate solids height 
profile. Knowing that the slope of a tangent to the profile 
gives the solidosity at that point (Equation 12), they found 
the null-stress solidosity from the tangent at zero ultimate 
sediment height. They found that it was necessary to obtain 
quality data at small ultimate sludge heights in order to 
use this method effectively. 
Tiller and Khatib (1984) also proposed a method of 
obtaining the null-stress solidosity from a batch thickening 
test completed for slurry concentrations in which both the 
upper interface and the lower (compression) interface were 
observable. By assuming that the movement of solids is only 
in the vertical downward direction, a material balance over 
the lower interface boundary at zero time was made. 
Simplification of the material balance lead to Equation 19: 
in which = null-stress solidosity, 0^^ = initial 
suspension concentration, and dH/dL results from the 
division of the initial slope of the tangent of the hindered 
interface recession curve by the initial slope of the 
59 
tangent of the sediment rise curve. Equation 19 did not 
work well for low concentration suspensions which underwent 
drastic changes in settling velocity with changes in initial 
slurry concentration. 
Chen (1984) used both of the methods referenced in 
Tiller and Khatib (1984) and reported the results for 4 
different suspensions. Good agreement between methods was 
obtained, and all sludges showed a minimum null stress 
porosity at the concentration of maximum gravity flux. He 
explained this phenomenologically by stating that the egress 
of water from the sediment is greatest at the maximum flux, 
therefore reducing the ability of the solids to rearrange 
themselves into a tighter packing at the sediment surface. 
Kos (1977b) obtained the null stress solidosity (in 
terms of solids concentration) by extrapolating the 
concentration vs. effective pressure curve obtained from 
continuous thickening data back to zero effective pressure. 
While this method appears correct, it was difficult to 
observe effects of flux rates on the null-stress solidosity 
because the data from which the extrapolation was made was 
collected over a wide range of loadings, and thereby 
exhibited much scatter. A single null-stress solidosity was 
assumed to apply for all flux rates. 
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Permeability 
For those investigations in which a Darcian-type 
equation is assumed to apply, experimental methods for 
obtaining constitutive relationships for permeability 
generally strive to collect data useful for calculating the 
Darcian-type intrinsic permeability coefficient. The 
constitutive relationship is derived by relating the 
intrinsic permeability to its determining factors, including 
solids concentration, effective pressure, hydraulic pressure 
gradient and/or the superficial velocity. The choice of 
determining factors is typically a matter of the 
investigator's opinion. 
When the pressure gradient is expressed in terms of 
excess liquid pressure (piezometric-hydrostatic pressure), 
Equation 9 can be solved for permeability, the result of 
which follows: 
dx 
Assuming viscosity to be constant, the experimental 
values needed to calculate permeability at a vertical level 
in the compression zone are the excess liquid pressure 
gradient and the superficial velocity at that level. These 
experimental values have been obtained using batch settling 
tests, continuous thickening tests, and upflow tests. 
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Shlrato et ai. (1970), Hultman and Hultgren (1980), and 
Chandler (1977) calculated permeability coefficients from 
initial interface velocities and liquid pressure profiles of 
batch settling tests. They assumed the suspension was 
homogeneous throughout and that the distribution of 
hydraulic excess pressure was linear with depth. At time 
equal to zero, the effective pressure was assumed negligible 
and thus the hydraulic pressure gradient was equal to the 
change in the buoyant force at any depth. The superficial 
velocity was assumed equal to the initial interface settling 
velocity. Thus, the initial permeability was calulated 
according to the following equation. 
k=_ — (21) 
iPs -P )9 /9c  
in which k = the permeability coefficient at time equal to 
zero, Uq = the initial interface settling velocity, pg = 
true density of particles, p  = liquid density, g  =  
acceleration of gravity, and = gravitational conversion 
factor. By conducting a series of tests at different 
concentrations, the relationship between permeability as a 
function of solids concentration can be obtained. Assuming 
the solids concentration is some function of effective 
pressure, the permeability can then also be related to 
effective pressure. 
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It is difficult conceptually to reconcile 
permeabilities calculated using this method with those 
encountered in the compression zone of a continuous 
thickener from the standpoint of the effective flow unit. 
The agglomerates which typically form in a flocculent system 
may lose their identity when subject to the effective 
pressure forces found in the compression zone. Agglomerates 
present at a certain initial suspension concentration may 
not be present at the same concentration at some depth in 
the compression zone. Therefore, the permeability exhibited 
at the initial concentration of a batch test may not 
coincide with that found under the same conditions in the 
compression zone. Determining permeability constitutive 
relationships from continuous thickening data avoids this 
problem. 
Kos (1977b) used steady state continuous thickening 
data to obtain constitutive relationships for permeability. 
Pressure gradient data were obtained at increments of depth 
in the compression zone using piezometric tubes attached to 
a low-pressure measuring device. The superficial velocity 
was calculated using Equation 7 and substituting the 
concentration at the depth of interest for C^. Kos found 
that the permeability was a function of both solids 
concentration and the superficial velocity. 
Chen (1984) used an upflow device to obtain 
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experimental data for calculating permeability. The 
suspension of interest was placed in a column through which 
the flow of water could be controlled from the bottom. The 
column was equipped with piezometers which were tapped into 
the column at increments of depth. Since the sediment was 
static once the upflow system was at steady state, the 
superficial velocity was simply the liquid velocity. The 
liquid pressure gradient was obtained from the piezometer 
system. Permeability could be obtained from the equation: 
k=-
^ (22)  
dx 
in which g = superficial liquid velocity and dp^^/dx = liquid 
pressure gradient. By obtaining the concentration profile 
of the suspension in the column, the effective pressure was 
calculated at each level in the suspension using Equation 6. 
Permeability data and effective pressure data at each point 
in the profile were plotted and fitted with an equation 
representing the porosity constitutive relationship. 
Chen (1984) assumed that sediment permeability was 
determined by the cake structure which was assumed to be 
determined principally by effective pressure. Therefore, 
the permeability was a function of effective pressure. 
Additionally, permeability in a static sediment was assumed 
to have the same value as during the thickening process as 
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long as the effective pressure was the same. However, 
scrutiny of his data for mlcrowalte showed that greater 
permeabilities were obtained for higher superficial 
velocities at coincident effective pressures. This lends 
credence to Kos's finding of the dependence of permeability 
on superficial velocity. 
Evaluation of Slurry Properties and their 
Effects on Continuous Thickening 
The particle and aggregate properties of suspensions 
subjected to gravity thickening are expected to affect the 
behavior In the zones of a continuous thickener. Since 
hindered and compression zones are expected to be the 
limiting zones in a continuous thickener, one must be able 
to evaluate the particle and aggregate characteristics prior 
to and within these zones if one wants to relate them to 
thickening behavior. It has been assumed that, under the 
low forces existing in the thickener, no change in particle 
size, shape, or density would occur. However, changes in 
aggregate properties are likely to occur under the 
conditions within the compression zone. 
Literature reviewed and experimental data collected by 
Stephenson (1985) showed that pretreatment of the slurry has 
major impacts on the aggregate properties such as aggregate 
size and density and on behavior in hindered settling. 
Tiller and Khatib (1984) stated that floe and particle size. 
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particle interaction polyelectrolyte bridging, initial 
slurry concentration, density difference and initial slurry 
height impact the internal structure of the compression 
zone. Particle size, shape and distribution, state of 
aggregation, densities, and sediment structure in the 
compression zone effect the thickening properties of a 
suspension. Particle size, particle shape and degree of 
flocculation are the major characteristics affecting 
sediment volume (the sediment volume meaning the volume of 
the sediment at infinite time in a batch test on a slurry). 
Thus, evaluation of these properties is central to 
correlation with their effects on the continuous thickening 
process. 
Hindered zone 
Although the emphasis in this dissertation is on 
behavior in the compression zone, hindered zone behavior is 
addressed briefly to provide background for methods used to 
characterize aggregate properties of slurries in hindered 
settling. These methods will be used to characterize 
aggregate properties of slurries thickened in the 
experimental portion. 
Aggregate properties at lower concentrations have been 
measured directly and indirectly. Direct measurements have 
included photographic measurements (Michaels and Bolger, 
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1962), microscopic measurements of aggregate size (Knocke 
and Wakeland, 1983), and measurement of aggregate density 
through equilibrium suspensions of different specific 
gravity materials (Lagvankar and Gemmell, 1968). Indirect 
estimates of aggregate size and density have been made with 
batch settling tests. 
Research by Stephenson (1985) summarized well the 
methodology of determining aggregate properties using batch 
settling tests. The method outlined below has been used by 
numerous Investigators in studying behavior of sludges 
settling in the hindered settling regime. The method 
assumes that hydrodynamic forces are the only forces 
resisting the downward settlement of the sludge aggregates, 
that the hydrodynamic flow unit is a sphere, and that the 
settling velocity is solely a function of concentration. 
The characteristic settling velocity for a suspension 
concentration in a batch-settling test is typically 
determined from the initial settling velocity during the 
first 10 to 20 minutes of a stirred, batch test. Over a 
specific range of suspension concentrations, the 
relationship between settling velocity and solids 
concentration could be modeled using a velocity-voidage 
relationship used by Michaels and Bolger (1962), defined by 
Equation 23: 
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V=Vo(l-0a)**" (23) 
in which V = hindered settling velocity, Vq = terminal 
settling velocity of an independent aggregate, and = 
aggregate volume concentration. This equation can be 
transformed to a linear equation incorporating solids 
concentration: 
y^l/4.65_y'l/4.65_^l/4.65^^ (24) 
in which K = the volume of aggregate per mass of solids and 
C = solids concentration (KC = aggregate volume 
concentration). When batch settling velocities to the 
1/4.65 power are plotted versus solid concentration, the 
intercept is ygl/d-ss and the slope is 
When data from a series of batch settling tests of 
increasing concentration are plotted using the above 
convention, there results a plot similar to that shown in 
Figure 10. The range of concentrations over which the 
initial, linear portion of the plot occurs is generally 
accepted as that range in which true hindered settling 
occurs. Over this range, the aggregate properties are 
assumed to remain constant, and it is the slope of this 
straight portion of the curve which is used to determine the 
aggregate characteristics. 
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Figure 10. Typical plot of batch interface recession 
velocity data plotted according to Equation 24 
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K can be obtained directly using Equation 24. The 
aggregate density, p, can be calculated by solving the 
following relationship for p,: 
K= ^^3-PL) (25) 
PS(P»-PL) 
in which pg - solid particle density and = liquid 
density. 
The terminal settling velocity of individual aggregates 
settling as nonflocculating, spherical particles is assumed 
to be represented by Stoke's law: 
in which g  = gravitational acceleration, = aggregate 
diameter, and ju = liquid viscosity. Aggregate diameters for 
each experimental condition may be determined by solving 
Equation 26 for d*. 
Velocity voidage relationships and/or aggregate 
characteristics have been used to study pretreatment effects 
on behavior in hindered settling. Chakravarti and Dell 
(1970) examined the effect of flocculent dosage on the 
settling behavior of a clay suspension. They found that the 
effect of flocculant dosage on settling velocity became less 
as the suspension concentration was increased in the 
hindered settling regime. Stephenson (1985) found a similar 
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result with diatomaceous earth flocculated with polymer, 
showing that the settling velocities of suspensions at 
various flocculent dosages corresponded at high suspension 
concentrations, indicating that the settling behavior at 
these high concentrations in a stirred batch system was more 
dependent on particle characteristics than on aggregate 
characteristics. In fact, the aggregate size and density 
calculated at the higher concentrations used in his 
experiment approached the primary particle size of the 
diatomaceous earth. Whether or not the suspensions were in 
hindered settling or compression was not proven 
experimentally. 
Studies such as those by Stephenson (1985) and 
Chakravarti and Dell (1970) point out a basic difference 
between batch and continuous studies. In batch studies, 
suspensions are separately prepared at high concentrations, 
whereas a range of concentrations may exist in the 
compression zone of a continuous thickener. Whether or not 
the same structure exists in the continuous thickener as 
exists at the same concentraion in the batch column would 
depend upon the conceptual model chosen to apply. For 
example, Stephenson (1985) assumed that hydrodynamic forces 
in the gravity column were the major forces responsible for 
the characteristics of the aggregates formed. Aggregates 
were assumed to grow to a certain size and density which 
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were a function of suspension concentration. Aggregates 
formed according to an aggregate size/density relationship. 
In the continuous thickener, the same concentration which 
appears in a hindered settling test may be exhibited in what 
is assumed to be the compression zone as a result of 
consolidation of larger aggregate structures. The resulting 
structure may exhibit flow characteristics different from 
those shown in the hindered settling test. 
In summary, aggregate characteristics obtained by 
calculation from hindered settling tests may be hypothesized 
to exist in the hindered settling portion of the continuous 
thickener as long as the pretreatment characteristics are 
similar. Hindered settling in the constant aggregate 
characteristic concentration range is likely to occur in the 
feed zone of the continuous thickener. Therefore, the 
aggregate characteristics at the upper boundary of 
compression could be obtained in this manner. 
Properties in the compression zone 
Since the major parameters describing behavior in the 
compression zone have been assumed to be permeability and 
compressibility, the effects of suspension characteristics 
on these parameters are explored. Past investigations 
dealing with compressibility have been conducted primarily 
with final sediment height batch tests noting the effects of 
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aggregate and particle characteristics on the solids 
concentration profile. A few investigations have been 
conducted which relate permeability in thickening to 
aggregate or particle characteristics. To the author's 
knowledge, no continuous thickening experiments have been 
conducted which rigorously investigate effects of aggregate 
and particle characteristics on behavior in the compression 
zone. 
Compressibilitv Final sediment height tests have 
commonly been used to obtain empirical compressibility 
functions for the slurries of interest. Final bed heights 
and volumes of settled particulate beds have also been used 
to study the effects of particle and aggregate 
characteristics on behavior in compression or to identify 
the state of aggregation of the suspension. Especially for 
flocculent structures, the forces due to the buoyed weight 
of overlying sediment are expected to have great impact on 
the delicate nature of particulate structures. 
Particle size and degree of flocculation interact in 
determining behavior in the compression zone. According to 
Tiller and Khatib (1984), aggregation is less a factor for 
larger particles (say 20-50 micrometers) because gravity 
forces dominate over interparticle forces making these 
suspensions rather incompressible. As particle size 
decreases (below 10 micrometers) interparticle forces are no 
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longer negligible and aggregation becomes a factor. 
According to Tiller and Khatib (1984), systems with high 
interparticle attractive forces can form dendritic 
structures with porosities in the range of 90%. However if 
the interparticle repulsion dominates (high zeta potential), 
the particles may settle past one another forming a dense 
incompressible sediment. Tiller and Khatib use Figure 11 to 
depict their perception of the relationships between 
porosity of a settled bed and particle size, shape and 
degree of aggregation. Generally, the larger the particle 
size, the more incompressible the suspension, while the more 
flocculent the suspension, the greater the porosity of the 
settled bed. 
The solidosity of larger particles depends upon 
particle shape rather than size. According to Tiller and 
Khatib - "When interparticle attractive forces are small, 
the floor on porosity, e.g. 0.35-0.40 for spherical 
particles, is independent of particle size." For example, 
in ideal cubic packing, Chen (1984) reported porosities of 
0.67 for pyramids, and 0.47 for spheres. 
Chong et al. (1979) studied effects of particle shape 
in hindered settling, evaluating settling properties of 
spherical glass beads, cubical sodium chloride crystals and 
ABS plastic pellets, brick-like sugar crystals, and angular 
mineral silicate crystals all of particle size greater than 
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Figure 11. Relationships between settled bed porosity 
and particle diameter for various types of 
suspensions (Tiller and Khatib, 1984) 
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280 micrometers. As a part of their study, the average 
settled bed porosity was obtained assuming constant porosity 
with depth for final settled bed heights ranging from 5 to 
40 mm. They found that the porosity decreased with 
increased settled bed heights with a tendency for the curves 
to flatten out as the settled bed height increased. The 
average settled porosity (ignoring data at lower heights) 
was similar to the random loose porosity of a packed bed. 
The settled bed porosity correlated well with the values of 
random loose packed bed porosity when sphericity was 
accounted for. 
Chong et al. (1979) seemed to ignore the effect of 
particle specific gravity on the shape of the final sediment 
height vs. porosity plot. Particle densities ranged from 
1.061 mg/mm^ for plastic pellets to 2.977 for glass beads. 
Data presented in their paper seemed to show that the 
greater the specific gravity of the particle of interest, 
the less the effect of settled bed height on the porosity. 
This trend suggests an additional relationship between 
effective stress and specific gravity of the particles. 
Tiller and Khatib (1984) plot log of solidosity vs. log 
of effective pressure of data collected from sediment tests. 
Their data for "compressible" materials showed nonlinear 
behavior at low pressures. The rate of change of slope was 
assumed to indicate the compressibility of the floe - a 
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rapidly decreasing slope indicated a fragile floe while a 
slowly decreasing slope indicated a stiff structure. 
Michaels and Bolger (1962) developed an equation to 
describe the settled bed height based on profiles in which 
the settled bed density was not constant with depth. The 
profile consisted of an upper zone of increasing 
concentration with depth and a lower, high concentration 
zone of constant concentration. The concentration attained 
in the lower zone was assumed to be equivalent to the solid 
volume fraction (0.62) for random, close-packed, uniform 
spheres. The concentration in the upper zone gradually 
increased with depth due to the ever greater effective 
weight of the overlying solids which cause the gradual 
approach to random, close-packing. (Michaels and Bolger 
assumed that the floes of particles, not the primary 
particles themselves, were the domain of interest in this 
region.) The height of this variable concentration region 
was assumed to be constant for a given suspension. 
Therefore, the final height was given by: 
in which Zf = final total bed depth, = ratio of the floe 
volume concentration to the kaolin solids volume 
concentration, Zq = initial slurry height, = initial 
slurry kaolin volume concentration, and b is the depth of 
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the variable concentration region. and Jb could be 
determined experimentally from plots of Zf versus 
Michaels and Bolger showed that the flocculated kaollnite 
suspensions with the largest floe volume and the largest 
aggregate volume concentration gave the most voluminous 
sediment. Kanungo and De (1970) essentially duplicated 
Michaels and Bolgers' work while experimenting with 
precipitated magnesium hydroxide. They showed differences 
between the sediment volume of magnesium hydroxide 
suspensions precipitated under different conditions. 
Steinour (1944) conducted ultimate settling tests on 
silica flocculated with two different lime dosages. The 
rates of sedimentation for the slurries were nearly equal, 
but the final sediment heights were remarkably different. 
The final sediment height of the slurry with the greater 
flocculent dosage was greater. Steinour attributed the 
difference in final sediment heights to the strength of 
floe. He assumed that the floe structure was weaker with 
the lower floceulant dosage allowing collapse to a lower 
final sediment height. The weakness apparently was not 
enough to effect a difference in settling rates. 
Dell and Keleghan (1970) conducted suction filtration 
tests on 2 different types of clays with three different 
flocculants at 3 different dosages. Experiments consisted 
of filtration of a batch of slurry at constant suction over 
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the range of suctions from 3 g/cm^ to approximately 300 
g/cm^ until no change in consolidation was observed. They 
found that a linear relationship existed between the log of 
the equilibrium solids concentration and the log of the 
suction. While admitting that it was a "well established 
fact" that flocculent dosage has a great effect on 
dewatering, their experiments indicated a minor to no effect 
on compressibility. The major difference between types of 
clays was that the clay with the higher specific surface 
area (Ball clay at 1.14*10* cm^/gm) clearly exhibited a 
lower solids concentration than the sheldale shale (specific 
surface = 3.37*10^ cm^/gm). Dell and Keleghan concluded 
that the major factors effecting the relationships over this 
pressure range were pressure and clay type. 
Chakravarti and Dell (1970) conducted ultimate height 
sediment tests on a flocculated clay suspension. They 
concluded that flocculent dosage had relatively little 
effect on the concentrations obtained as a function of 
solids pressure in the compression zone. Their calculated 
solids pressures gave the same solids concentration at 
different dosages of polymer. This would indicate that some 
unit other than aggregates would be the characteristic size 
upon which to base behavior in the compression zone. 
However, they go on to discuss a phenomenological model of 
compression zone behavior to explain the existence of two 
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zones, dense and dilute, which appeared in their tests. "In 
the process of compaction of the flocculated mass two 
separate effects take place sumultaneously: one is the 
reduction of floe volume as solids pressure is increased; 
the other is the progressive build-up of upward flow rate 
with height, due to this squeezing out of water from the 
floes. Now the reduction of floe volume with increasing 
pressure has been shown to take place at a progressively 
slower rate as pressure increases; as a result, layers of 
sediment near the base of the column compress very little as 
the weight of sediment is already large. As the distance 
from the bottom of the column increases, however, the 
quantity of water released builds up progressively, as does 
the hydrodynamic support given to the overlying solids. As 
hydrodynamic support increases, solids pressure decreases 
and the point is reached where the rate of change of floe 
volume with change in pressure is high. Solids pressure and 
further floe collapse then become zero, and remain zero 
throughout the overlying zone. Thus, in the dense zone 
almost all the weight of solids is borne by solids pressure; 
in the dilute zone the weight of solids is borne 
hydrodynamically and in the comparatively narrow transition 
zone most of the process of floe collapse and release of 
water is taking place." Chakravarti and Dell go on to 
depict channeling as a major avenue by which water escapes 
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front the compression zone in their batch tests. In 
discussing the mechanism of floe collapse, they assume that 
floe collapse is uniquely related to solids pressure and, 
thus, the suspended solids concentration is a measure of 
floe collapse since the suspended solids contributes 
directly to effective pressure (in regards to the batch 
system.) 
Attempts have been made to relate the compressibility 
to the quantity of water removable from the aggregates. 
Fouda and Capes (1979) used settling data by other 
investigators to calculate aggregate characteristics such as 
aggregate diameter and density. They showed that the 
ultimate sediment height of a settled flocculent suspension 
was directly dependent on the "hydrodynamic factor, K" which 
essentially is the ratio of the aggregate volume to the 
volume of solid particle in the aggregate. The ultimate 
height was greater with greater K. They also suggested a 
relationship between the amount of associated liquid in a 
aggregate and the size of particle in the aggregate. 
Generally the smaller the size, the greater the amount of 
associated liquid. 
Harris et al. (1975) suggest the water in a suspension 
may be subdivided into two parts, fixed water associated 
with the solids at their ultimate density, and recoverable 
water, that which is eliminated from the suspension during 
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the thickening process (similar to Roberts). They suggest 
the use of the Kozeny and/or Polseullle equations to 
describe the flow of water In micro and macro channels of 
the suspension. They went on to develop a set of empirical 
equations which fit settling curves but had little physical 
significance. 
Permeability Due to the complexity of flow through 
porous media, it has generally been accepted that only 
empirical expressions apply to the relationship between 
permeability and media properties. The simplest example 
might be a correlation between porosity and permeability. 
However, it is easily possible for two porous media to have 
the same porosity but different permeabilities. Therefore, 
enhanced models of permeability generally include physical 
factors, such as particle diameter, diameter of an average 
flow tube, or hydraulic radius. These factors are typically 
modified by other factors, such as sphericity, tortuosity, 
or other constants typically determined experimentally to 
make data fit the desired model. 
Some relationships between physical properties of 
porous media and permeability are rather intuitive. For 
example, if the porous media consists of discrete particles, 
it is logical that permeability increases as the average 
particle size increases because interparticle voids will be 
larger causing less resistance to flow. Likewise, systems 
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of particles having a wide size distribution are likely to 
be less permeable than a system of uniformly sized particles 
at the mean of the wide size distribution because smaller 
particles can fill the voids between the larger particles. 
Describing the permeability of the compression zone of 
a continuous thickener on the basis of physical properties 
of the aggregates or particles is quite complicated. The 
major problem is that the characteristic size is difficult 
to measure, and, depending upon the conceptual model of the 
compression zone, the characteristic size changes with depth 
in the compression zone. In fact, permeability 
considerations have been used to characterize the fate of 
aggregates in the compression zone. 
Variations of the Poiseuille equation and the Kozeny or 
Kozeny-Carman equations have been assumed to relate 
permeability to physical characteristics of suspensions in 
thickening and consolidation. The use of these equations 
are restricted to situations of laminar flow and have been 
shown to work fairly well with media having uniform pore 
sizes. These equations are of the general form (Hanson, 
1985): 
jtol (2*1 
^/x(l+e) 
in which k is permeability (L/T), Dg = characteristic media 
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size, 7^ = unit weight of water, n = viscosity, e = void 
ratio, and C = composite shape factor accounting for 
tortuosity of flow and the shape of the flow surface. When 
the voids are expressed in terms of porosity, (n=e/(l+e)), 
this equation becomes: 
*=d|_2E  ^ (29) 
in which n = porosity. 
In the geotechnical literature, a more general form of 
the equation was used by Carrier et ai. (1983) to express 
the relationship between void ratio and permeabilty as 
follows: 
k=E 
ef 
1+e 
(30)  
in which k = permeability (if/s), and E and F = empirical 
property constants. This equation was shown to generally 
fit data for several materials. 
To describe the permeability of a mineral slurry as a 
function of porosity, Shirato et ai. (1970) calculated 
permeabilities from initial settling velocities in batch 
tests at concentrations assumed to be in compression. He 
assumed a Kozeny equation of the form: 
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^2= 2 ^^ (31) 
in which Xg = permeability, k = Kozeny's constant, and Sq = 
effective surface area of the particles and calculated a 
characteristic for the suspension. Although the value 
of kSQ^ was assumed constant for an entire batch settling 
test, it was recognized that it would likely increase if the 
effective pressure broke down the aggregates. 
Several investigators assumed the aggregate properties 
changed in the compression zone and used the Kozeny-Carman 
equation to evaluate the aggregate disposition (Shin and 
Dick (1975), Akers (1980), and Scott (1968c)). 
Shin and Dick (1975) assumed that aggregates were the 
main flow units in the compression zone and that 
permeability could be used to analyse changes in aggregate 
properties. The form of the Carmen-Kozeny equation they 
used was: 
36K(|M»(l-n) 
in which = mass density of water, = absolute viscosity 
of water, g = gravity constant, n = porosity of the bed, and 
kQ = constant representing the basic geometric properties of 
the porous medium. 
For a differential element of sludge in the compression 
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zone, they assumed the porosity could be expressed as 
n=l-C^^=l~aCyp (33)  
in which a is the ratio of the volumetric concentration of 
aggregate particles, to the volumetric concentration of 
the actual solid particles in the aggregates, c^p. Assuming 
= 5 (for spherical aggregates) and substituting Equation 
33 into Equation 32, the following equation was determined: 
(cJpJC)l/3 = 
1/3 
pffgd^a 
ISOMf/Oe^ 180% 
1/3 
-vp (34)  
in which d was assumed to be the nominal diameter of the 
aggregates. Assuming constant particle and fluid 
properties, they plotted (C^p^K)^/^ versus C^p, which would 
be a straight line if the aggregate properties were constant 
in the compression zone. 
They assumed that changes in aggregate properties 
caused nonlinearity of data plotted according to the above 
convention. By applying a tangent construction method, they 
found that as the solids concentration increased, the 
aggregate diameter decreased while the aggregate density 
increased. Fluid drag forces and compressive forces were 
assumed to cause splitting and squeezing of aggregates. 
Akers (1980) calculated the permeability of a 
sedimented bed through which water was allowed to flow. The 
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measured size of the primary particles of the Queensgate 
chalk whiting slurry was 2.3 to 2.4 micrometers. The chalk 
was flocculated with an anionic polymer and the 
microscopically measured average floe size was approximately 
200 micrometers. Upon settling and permeability testing, 
the diameters calculated through the use of the Kozeny 
equation was 2 to 4.5 micrometers. Aker stated that this 
was sufficient evidence to conclude that the primary 
particles were the flow unit of interest (as opposed to the 
aggregates) under the conditions of his experiment. 
Scott (1968c) also used the Kozeny equation to describe 
the settling velocity of high concentrations of desanded 
gold ore pulp slurries flocculated with lime and subjected 
to batch settling. Using a plotting convention somewhat 
similar to Shin and Dick, Scott found that for the highest 
experimental concentrations, the equivalent spherical 
diameter of the pulp according to Kozeny calculations was 
4.9 micrometers, which was in close agreement with the dgg 
for the suspension of 4.2 micrometers measured with a 
sedimentation balance. Again, this was offered as proof 
indicating that the aggregates are obliterated in the 
compression zone and that the primary particles become the 
flow units of interest. 
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Channeling 
Applying the Kozeny equation in the manner above 
assumes that the compression zone is uniform and the 
calculation of permeability or other aggregate parameter is 
based on a uniform particle size. However, flow through 
small vertical tubes in the thickening zone, called 
channeling, often occurs. It may logically be assumed that 
channeling would increase the permeability of the porous 
media in the compression zone because the channel flow would 
offer a path of less resistance to the fluid escaping from 
the slurry. 
Channeling has been observed in batch experiments and 
inferred in continuous thickeners. For example, Coe and 
Clevenger (1916) recognized the existence of channels in the 
compression zone (their zone D) of their batch tests. They 
observed that water eliminated from the compression zone 
"finds its way" out of the compression zone through tubes 
which form drainage systems upward through this zone. 
Chandler (1983) assumed channeling caused the sporadic or 
irregular increase in solids concentrations from grab 
samples collected with depth in the compression zone of a 
deep thickener. He assumed the sporadic concentrations 
could be explained by chance encounters with irregular 
channels in the thickener. He stated that channeling was 
the major mechanism whereby deep thickeners work. 
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On the basis of batch studies, Scott (1968c) concluded 
that channeling occurred with slurries of intermediate 
solids concentrations (those that exhibited an induction 
period) presuming that the growth of channels was the 
primary reason for the induction period. With the 
intermediate slurries, velocities obtained after channeling 
were much greater than those obtained when the same slurry 
was stirred (thereby eliminating channeling. At higher 
concentrations (those assumed to be in compression, Scott 
did not observe channels in the batch tests to the same 
degree as in intermediate slurries. Scott postulated that 
the return flow of water eliminated from the slurry was not 
great enough to initiate channels and assumed that the 
return fluid was forced between the primary particles. His 
work suggested that channeling was a function of solids 
concentration. 
A few references in the literature suggest that the 
degree of channeling and/or size of the channels may be 
sensitive to changes in the flocculent nature of a given 
suspension. Scott (1968c) observed that the diameters of 
channels in intermediate slurries developed during the 
induction period were of the same order of diameter as the 
floe. Chandler (1983) suggested that flocculation of 
mineral slurries was a necessary condition for the formation 
of channels. Dell and Keleghan (1970) proposed that. 
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although flocculant dosage had a minor effect on 
compressibility of the slurries investigated with their low 
vacuum suction device, the rate of water movement was 
affected. They stated that "If high flocculant dosages 
result in larger floes and larger channels, there might 
result an easier escape route for the water, without 
necessarily resulting in altering the strength of the 
structure." 
Dell and coworkers (Dell and Kaynar (1968), and 
Chakravarti and Dell (1970)) conducted batch studies of 
channeling with slurries subjected to various flocculant 
dosages. Dell and Kaynar (1968) studied a flocculated clay 
slurry. They used a drainage technique and a pipette 
technique to obtain solids concentration profiles with 
depth. They observed channeling both visually and 
photographically. Solids and hydrostatic pressures were 
obtained from solids concentration measurements. They made 
the following observations based upon their experimental 
evidence. 
1. A zone of channeling rose from the bottom of the 
column during the test. The rate of rise of the channeled 
zone increased with polymer dosage quite possibly due to the 
increased gravity flux of solids at the higher dosages. 
2. At the highest dosage no large channels were 
observed at all. They postulated that the structure formed 
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in the compression zone at the high dosage was too stable to 
allow channels to form. 
3. Channels tended to be larger and deeper with higher 
initial weights of solids. 
4. In the channelled zone, dilution, liquid pressure 
gradient and specific resistance all fell rapidly with 
depth; in the unchannelled zone below, only small changes in 
these parameters were noted. 
It was postulated that channeling occurred when the 
concentration increased to a certain value, causing a fall 
in specific resistance and an increase in flux. "Although 
the channelled structure is shown to persist for some time, 
an increasing proportion of the weight of solids becomes 
supported by 'solids pressure' from below and the 
hydrostatic pressure gradient, and hence the flow rate 
progressively falls. It is thought that the channelled 
structure disappears eventually when the flow rate has 
fallen to too low a value to flush the channels clear of 
solids." 
Chakravarti and Dell (1970) stated that channeling was 
the major method of water release from the compression zone. 
The ability of the channels to conduct water was a function 
of channel size and shape, and that the excess pressure 
available for forcing water into the channel was a function 
of the effective weight of solids above the point of 
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interest. 
Hanson (1985) assumed that channeling occurred only in 
zone settling. 
Some investigators have assumed the presence of 
channeling in various zones and attempted to model the 
system mathematically using capillary tube models. 
Fuerstenau (1960) assumed a capillary tube model in 
modelling a batch sedimentation system. Scott (1968c) used 
the Kozeny equation to describe batch settling of 
intermediate suspensions. The diameter of a channel was 
assumed to be the characteristic diameter in the model. 
Effect of raking on compression zone behavior 
Comings et ai. (1954) found that raking the compression 
zone in a continuous flow thickener thickening clay and 
calcium carbonate slurries increased the underflow 
concentration over what could be attained without the picket 
rake. He attributed the effect to the prevention of the 
thickening solids from forming a network of arches with a 
low concentration of solids. 
Eklund (1976) installed a one revolution per minute 
rake in the cone of a continuous thickener thickening 
calcium carbonate synthetic suspensions. He compared 
concentration profiles with and without raking at various 
flow rates. He found that raking had a beneficial effect 
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(denoted by increased underflow concentration) at low loads, 
but at high loads, the underflow concentration was 
relatively unaffected. 
Warden (Nov/Dec 1981) used an echelon rake in the flat 
bottom of the continuous thickener which he used to thicken 
a coagulation sludge from a surface water treatment plant. 
He found improved throughput and higher underflow 
concentrations when raking was employed. He concluded that 
the "kneading effect" of the rake was more effective for 
thickening than the dead weight of overlying sludge in a 
deep thickener, although no deep tank data was offered for 
comparison. 
Chandler (1977) speculated that rakes improve 
thickening by increasing permeability by promoting formation 
of channels. 
Comings et al. (1954) also compared stirred and 
nonstirred batch tests, conducting solids profiles in each 
test after increments in periods of time of settling. 
Compression layers did not form in the stirred column as 
they did in the nonstirred column. A gradual increase in 
concentration existed instead. Higher solids concentrations 
were obtained at the bottom of the stirred column. Comings 
reasoned that the floe structure was broken up by the gentle 
stirring, allowing more water to escape from the lower 
layers of solid. 
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Scott (1968a) compared continuous thickening results 
with flux curves constructed from stirred and nonstlrred 
batch test results. He suggested that the flux limiting 
concentrations typically are In the Intermediate range In 
which channeling has a major Impact on settling velocities 
In the batch tests. Raking In the continuous thickeners 
tends to destroy channels causing settling to occur at lower 
than expected rates In the continuous thickener. 
Various other investigators also found that stirred 
batch tests exhibited greater consolidation when left for 
long periods of time when compared to nonstlrred batch tests 
and attributed the consolidation to structure breakup (Bull 
and Darby, 1926, Peters, 1987, and Scott, 1968a). 
Shin and Dick (1975) compared compressibilities and 
permeabilities of water softening sludges thickened in raked 
vs. nonraked batch tests. They found that as the speed of 
stirring was increased, the permeability at a given solids 
concentration decreased and the compressibility Increased. 
The compressive stress needed to obtain a certain 
concentration was greater as the stirring speed increased. 
Stirring reduced settling velocities at high 
concentrations - permeability considerations dominated over 
compressibility effects. 
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Reflection and Refocus 
While the literature reviewed provides much background 
on the objectives of this study, issues remain to be 
resolved in the experimental portion of this research. The 
purpose of this section is to briefly review these issues 
and provide focus for the evaluation of the results of the 
experimental investigations. 
The review of compression models indicated that there 
were several factors affecting thickening behavior in the 
compression zone, including particle size and density and 
aggregate size and density. Although general correlations 
were made between these parameters and compression zone 
behavior, no correlations specific to softening sludges were 
made. Additionally, the effects of particle and aggregate 
characteristics of softening sludges on the overall 
performance of the clarification/thickening process in terms 
of hindered zone behavior coupled with compression zone 
behavior were not revealed. 
Stephenson's (1985) data (among others) from batch 
settling tests indicated the aggregate structure of 
flocculated diatomaceous earth made little difference on 
settling velocity at high slurry concentrations. He assumed 
that the system was still in hindered settling at high 
initial suspended solids concentrations. Dixon (1977) 
suggested that the settling regime viewed by some as 
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hindered settling was actually compression, even if only to 
a very slight degree. The question of whether or not the 
system is hindered or in compression may be somewhat 
resolved by determining the presence of effective stresses 
from experimentation, but the greater question to be 
addressed from experimental data collected in this 
investigation is whether these high solids concentrations 
actually do exist in hindered settling, compression 
settling, or both hindered and compression settling in a 
continuous thickener. If, in fact, these concentrations do 
exist in compression settling, an additional issue is then 
whether or not the aggregate structure is the same as that 
observed in hindered settling. 
Several authors appear to have collected data using 
various experimental methods for the development of 
permeability and compressibility constitutive relationships. 
The intent of the experimental work done as a part of this 
investigation is to use a pilot thickener to collect data 
for determining differences in behavior affected by changes 
in aggregate/particle characteristics. These differences in 
behavior should manifest themselves through examination of 
the permeabilility/compressibility relationships. 
The literature indicates that the effect of raking the 
hindered or compression zone may be benefitial to the 
thickening process. There is evidence that raking the 
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compression zone in a continuous thickener thickening 
chemical slurries increases the underflow concentration 
obtainable from the thickener (Comings et ai., 1954, Eklund, 
1976), but that the degree of improvement decreases with 
increased flux loading (Warden, Nov/Dec 1981). Several 
investigators found that stirring increased the 
consolidation in long-term, batch settling tests. There was 
little information in the literature regarding the effects 
of suspension characteristics on the response to raking in 
the compression zone. In this investigation, experimental 
results of diatomaceous earth and softening sludge 
thickening tests will be examined to determine whether 
effects of raking are dependent on suspension 
characteristics. 
Although most investigators agreed that channeling 
exists at some point in the thickening process, there seemed 
to be disagreement on whether the channeling occurs in the 
hindered zone, the compression zone, or both. Various 
authors indicated that channel formation was somewhat 
related to floe size. Several investigators also surmised 
that channel formation depended upon solids concentrations. 
It was also apparent that channeling improves the settling 
velocity in hindered settling and aids in the egress of 
water from the compression zone. 
Raking the thickener would hypothetically decrease 
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settling velocities in hindered settling but improve 
consolidation In compression settling. The effect of 
channeling on the operation of the thickener would likely be 
related to the relative importance of channeling in hindered 
or compression settling. Since the relative importance of 
channeling in these two zones is likely a function of 
suspension properties, the effect of particle/aggregate 
properties on channeling is also the subject of the 
experimental investigation reported herein. 
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EXPERIMENTAL 
Laboratory investigations were conducted on a 
flocculated diatomaceous earth slurry and on two different 
water treatment plant sludges in order to determine the 
effects of aggregate and particle characteristics on 
thickening behavior in continuous thickening. Aggregate and 
particle characteristics were determined using stirred batch 
tests, final sediment height tests, zeta potential 
measurements, floc/particle size analysis, and solids 
density tests. A pilot-scale continuous thickener was used 
to obtain information on continuous thickening behavior. 
Materials and Equipment 
Suspension materials 
In order to maintain continuity with the batch 
thickening research of Stephenson (1985) suspensions of 
diatomaceous earth flocculated with a polymer were used to 
examine the effects of aggregate characteristics on 
compression zone behavior in a continuous thickener. The 
diatomaceous earth was Celite 512 manufactured by the Johns-
Manville Corporation, Filtration and Minerals Division, Ken-
Caryl Ranch, Denver, Colorado. Figure 12 is a scanning 
electron photograph of the diatomaceous earth composed of 
broken and unbroken skeletal remains of marine diatoms. As 
reported by the manufacturer, the particle density of Celite 
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Figure 12. Scanning electron micrograph of Celite 512 
diatomaceous earth 
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512 is 2.20 g/cm^ and the median particle size is 15 
micrometers. 
Catfloc T was used to flocculate tap water suspensions 
of diatomaceous earth. Catfloc T is a diallyl dimethyl 
ammonium chloride cationic polymer with a molecular weight 
of approximately 50,000 g/mole. Samples of Catfloc T were 
donated for this project by its manufacturer, Calgon 
Corporation, of Pittsburgh, Pennsylvania. Stock suspensions 
of Catfloc T were prepared by diluting 5 grams of the liquid 
polymer to 1 liter. Stock suspensions were prepared weekly 
or more often as the demand occurred. 
In order to maintain continuity with the work of 
Stephenson (1985), the same polymer dosages used by 
Stephenson were used in this research. By adjusting the 
polymer dosage, the zeta potential of the diatomaceous could 
be changed from the natural negative value to a positive 
value. Figure 13 from the batch work of Stephenson (1985) 
shows the effect of polymer dosage on the zeta potential of 
the diatomaceous earth suspension as a function of initial 
suspension concentration. It was noted by Stephenson (1985) 
that polymer coating difficulties were assumed responsible 
for the decreasing trends of zeta potential as initial 
suspension concentration increased. Since the concentration 
of the stock diatomaceous earth suspensions used in the 
continuous thickening experiments was in the range of 40 
101 
40 
30 
20 
10 
O P/DE " 1.00 % 10-3 
A P/DE « 5.00 X LOT* 
O P/DE - 2.50 X lOT* 
V P/DE - 6.25 X 10"® 
O P/DE - 3.00 X 10"® 
1 
: 
-10 
-20 
-30 
-40 1 1 1 ' r < i  
40 80 120 160 
NOMINAL SUSPENSION CONCENTRATION, kg/m 
1 
200 240 
3 
13. Effect of polymer dosage on zeta potential of 
diatomaceous earth suspension (Stephenson, 1985) 
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kg/mf; the concentration range resulting in decreasing zeta 
potential was avoided. 
Sludges from the Ames and Marshalltown Municipal Water 
Treatment Facilities were also studied. Both the Ames and 
Marshalltown treatment plant practice lime-softening of 
groundwater supplies. Sludges from the treatment processes 
are dewatered in lagoons at both plants. 
The Ames plant is a conventional softening plant 
consisting of chemical addition to the aerated water, 
mechanical flocculation, followed by clarification and 
filtration. A portion of the clarifier underflow is 
recycled to the location of the chemical addition. Sludge 
samples were collected from the recycle flow. 
The Marshalltown water treatment plant consists of 
aeration followed by softening in accelator units and 
filtration. The accelator units accomplish recycle from the 
sludge blanket directly into the chemical mixing zone where 
lime is added to precipitate the hardness from the water. 
Sludge flows from the bottom of the clarifier to a wet well 
under hydraulic head at intervals controlled by a valve with 
a timed operator. The sludge is pumped from the wet-well to 
the lagoons. The sludge samples from the Marshalltown 
system were collected from this wet well. 
Sludge samples withdrawn from the Ames and Marshalltown 
treatment facilities were previously studied and 
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characterized by Peters (1987). Aggregate and particle 
properties determined by Peters (1987) are shown in Table 3. 
Peters noted that the Marshalltown sludge exhibited a 
maximum flux rate 4.5 times that of the Ames sludge and a 
specific resistance to filtration 18 percent that of the 
Ames sludge. The larger size of the Marshalltown sludge 
particles or floes was determined to be responsible for the 
favorable behavior in hindered settling and filtration. 
Since the two plants were feeding nearly the same chemical 
dosages to the water which had similar raw quality, Peters 
postulated that the accelator type system at Marshalltown 
was responsible for the larger particle size of the sludge 
precipitates at that plant. The differences between the 
floc/particle size of these sludges rendered them good 
candidates for studies comparing compression zone behavior. 
Equipment 
The major item of equipment used in the study was the 
pilot continuous flow thickener. A schematic diagram of the 
thickener apparatus is shown in Figure 14. The apparatus 
consisted of a suspension stock tank, polymer stock bottle, 
stirred mixing vessel for mixing the polymer with the 
diatomaceous earth, the thickener, and mixers and pumps for 
suspension mixing and transfer. 
The diatomaceous earth stock suspensions were prepared 
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Table 3. Characteristics of Ames and Narshalltown sludges 
(Peters, 1987) 
Parameter Ames, 1/30/87 Narshalltown, 
10/31/86 
Particle density, 
gm/cm^ 
2.59 2.45 
Maximum flux, 
kg/m^-hr 
16 72 
n Specific Resistance, 
cm/g 
6.7 X IQlO 1.2 X lOlO 
Aggregate diameter, 
nm 
591 294 
Aggregate density, 
g/cmf 
1.013 1.056 
1 Zeta potential, mV +3.1 +7.9 
1 Median particle 
1 diameter, fm | 
16.6 18.8 
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Figure 14. Schematic diagram of experimental 
continuous thickener apparatus 
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in a cylindrical steel tank 61 inches deep by 60 inches in 
diameter, fitted with four 6-inch baffles mounted vertically 
at the quarter points inside the tank. The suspensions were 
stirred with a Lightnin ND-2V 1/2 horsepower variable speed 
drive (Mixing Equipment Co., Inc., Avon, New York) fitted 
with a 9-inch diameter, 3-blade propeller located 
approximately 5 inches from the bottom of the tank. The 
drive speed was set at 175 rpm for all of the experiments. 
The tank was equipped with a calibrated sight glass which 
allowed the volume to be estimated for suspension 
preparation. 
Volumes of stock polymer solution were diluted with tap 
water to the desired strength for the polymer dosage needed 
for the continuous thickening run of interest and stored in 
a glass 20-liter carboy. 
Masterflex positive displacement tubing pumps (Cole-
Parmer Instrument Company, Chicago, Illinois) were used for 
each of the three pumps noted on Figure 14. The 
diatomaceous earth suspensions were pumped to the polymer 
dosing vessel at a constant rate of 400 milliliters per 
minute with a Masterflex Model 7576 pump equipped with 
Masterflex number 17 tubing. The polymer solutions were 
pumped to the polymer dosing vessel at a rate of 20 to 40 
milliters per minute, depending on the desired dosage, with 
a second Masterflex Model 7576 pump equipped with Masterflex 
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number 14 tubing. The thickener underflow was pumped at the 
necessary rate to achieve steady state in the thickener with 
a Masterflex Model 7523-10 equipped with either Masterflex 
number 15 or number 17 tubing. 
The diatomaceous earth feed suspension and polymer feed 
solution were mixed in the plexiglass polymer dosing vessel. 
The 12.7 cm diameter cylindrical vessel was equipped with a 
1.5 cm ID influent port at the bottom on the side of the 
vessel. Three 1.5 cm ID effluent ports on the side of the 
vessel allowed for the mixed effluent to be drawn off at 
side-water depths of 11, 22, and 31 cm. Samples of the 
vessel contents could be obtained from one-quarter inch 
diameter sampling ports located on the side of the vessel at 
liquid depths of 8.5, 19 and 27 cm. Solid, vertical 
plexiglass baffles extending the depth of the vessel 
protruded 1.5 cm into the vessel from the vessel walls at 
the quarter points. The vessel could be drained through a 
1/4 inch diameter port at the bottom of the vessel. 
The polymer and diatomaceous earth were fed to the 
vessel through the influent port. The polymer was fed 
through a 2 millimeter diameter metal tube extending through 
the influent port to the center of the mixing vessel under 
the eye of the impeller. The suspension was mixed at 1500 
rpm with a Model 134-2 T-Line Laboratory mixer (Talboys 
Engineering Corp.) achieving a G of 780 per second when the 
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vessel was at the 30 cm side-water depth. This mixing 
effort was chosen following the recommendation of Stephenson 
(1985) who found that the pretreatment mixing effort had 
little effect on the settling behavior of the 
polymer/diatomaceous earth system at high suspension 
concentrations. The mixing effort chosen was close to that 
of Stephenson (1985) who had a 6 of 860 per second in his 
pretreatment mixing tank for his batch tests. The mixed 
suspension flowed by gravity out the overflow (the effluent 
port at the 31 cm depth) through approximately one foot 
length of 5/8ths-inch garden hose to the feed well of the 
gravity thickener. 
The combined flow of the polymer and diatomaceous earth 
resulted in a detention time ranging from 8.9 to 9.3 minutes 
in the pretreatment mixing vessel. As stated by Stephenson 
(1985), the relatively long detention time provided was 
intended to remove detention time in the pretreatment mixing 
vessel as a variable in the experimentation. Stephenson 
utilized a detention time of 10 minutes in his batch 
experiments. 
For the experiments using the sludges from the water 
treatment plants, a single sludge stock suspension tank 
replaced the diatomaceous earth stock suspension tank and 
polymer feed system described. The sludge stock tank was a 
flat bottomed, 90 cm diameter, 3-foot deep steel tank, the 
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contents of which were stirred by a 15-inch wide by 6-inch 
high, flat blade stirrer driven by a 1/3 Hp 6E motor at 50 
rpm. The bottom of the stirrer was located 2 inches above 
the bottom of the tank. Suspension was pumped from the tank 
to the cylindrical pretreatment mixing vessel through a 
bulkhead fitting at the side of the tank directly above the 
tank floor using the Masterflex Model 7576 pump. 
Whereas the diatomaceous earth suspensions were 
discarded after passing once through the continuous 
thickening process, the water treatment plant sludges were 
reused for several continuous thickening runs. The 
underflow and overflow from the thickener was collected in 
plastic-lined 30 gallon garbage containers, and returned to 
the stock tank following each run. 
The gravity thickener was designed in such a manner as 
to permit continuous flow operation with the option of 
raking or not raking the compression zone with a picket 
rake. The basic dimensions are shown in Figure 14. The 
3.2-cm ID feed well terminated approximately 34.5 cm below 
the overflow for essentially all of the diatomaceous earth 
runs and 18.3 cm below the overflow level for all the 
softening sludge runs. 
The thickener was equipped with ports for obtaining 
samples of sludge at regular intervals and additional ports 
(opposing the sampling ports) to which piezometer tubes 
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could be connected. The spacing of ports was 2 inches on 
centers for the first 10 ports above the cone, and 4 inches 
on centers for the remaining 5 ports below the overflow 
ports. The 8 overflow ports drained into a trough which 
drained to the waste collection system. The underflow was 
withdrawn from the bottom of the cone through a threaded 
hose connector on the side of the column to which the 
suction tubing of the underflow pump was attached. 
Threaded hose connectors were tapped into the sample 
collection and piezometer connection ports. Samples were 
withdrawn through septa covering the sample collection hose 
connectors with a 3 1/2-inch, 13 gage needle attached to a 
syringe. One-quarter inch tygon tubing was attached to the 
piezometer ports and terminated on a piezometer board. An 
inclined piezometer board was initially used but discarded 
in favor of a vertical piezometer board which was found to 
be more stable. The vertical piezometer readings were 
obtained with an optical device calibrated to the nearest 
tenth of a millimeter. 
The conical bottom of the thickener was continuously 
raked with a finger rake to facilitate sludge drawoff. The 
raking mechanism was driven by a 1-rpm motor (Dayton Model 
3M095, Dayton Electric Manufacturing Co. Chicago, 111.) 
mounted on the top plate of the thickener head. The central 
drive shaft of the rake was l/4-inch stainless steel rod 
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extending the entire depth of the thickener and held in 
place by a socket at the bottom of the cone. Three 1/8-inch 
stainless fingers were attached perpendicular to the center 
shaft at 60 degree intervals. The ends of the fingers were 
bent upward to conform to the contour of the cone. 
A second rake was used to rake 30 inches of depth above 
the top of the cone in the cylindrical portion of the 
thickener. This rake was designed to simulate a picket rake 
in the compression of a continuous thickener. The rake was 
made up of 1/4-inch rods held in a vertical position by 
horizontal end rods. Figure 15 is an illustration of the 
picket rake showing the dimensions and placement of the 
vertical rods. Finger rakes identical to those described in 
the previous paragraph were also attached to the portion of 
this rake in the conical portion of the thickener. The use 
of this rake is inferred when the thickener was run in the 
"raked" mode. 
The depth of the thickener apparatus could be increased 
30 inches by attaching an extension fabricated to fit on the 
top flange of the main body of the continuous thickener. 
Longer rakes were fabricated to account for the increased 
depth. Seven additional sampling ports and piezometer ports 
were positioned 4 inches on centers with the lowest port on 
the extension 6 inches above the top port on the main body 
of the thickener. 
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Figure 15. Illustration of continuous thickener picket 
rake 
113 
Batch hindered settling tests were conducted with the 
same apparatus used by Stephenson (1985) Illustrated In 
Figure 16. The 4.4-foot tall, 4-lnch diameter settling 
column had a 0.75-lnch Inlet In the bottom end plate and 
sampling ports at 60 cm and 120 cm depths. The 120-cm port 
served as an overflow weir when the column was filled from 
the bottom Inlet, and resulted In an Initial suspension 
height of 119.7 cm. The column was raked with a 4-arm 
stainless steel picket rake driven by a 1-rpm motor. The 
vertical 1/8-lnch diameter rods of the picket rake were held 
In place with top and bottom horizontal cross-bars, and 
placed in such a way that for two adjacent arms, there were 
four rods spaced radially at 0.438 inch, center-to-center. 
A measuring tape graduated in millimeters was attached to 
the side of the column to allow measurement of the 
suspension interface at chosen time increments. 
The mixing tank was a rectangular 12-inch wide by 18-
inch long by 18-inch deep baffled plastic tank. The 
vertical baffles were 1 inch square by 18 Inches long and 
placed symmetrically on the tank walls (two on each side and 
one on each end). The suspension in the tank was mixed at 
1250 rpm with a three-blade propeller imparting a G-value of 
approximately 850 to the 24 liters of suspension needed for 
the batch test. The suspension was pumped from the tank to 
bottom inlet of the settling column through a 3/4-lnch pipe 
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(Stephenson, 1985) 
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by a peristaltic transfer pump (Model 3500, Sarns, Inc., Ann 
Arbor, Michigan). 
Long-term settling tests were conducted in four 4-inch 
inside diameter plexiglas columns attached to 8-inch square, 
1-inch thick base plates. The columns were constructed to 
contain suspension depths of 6, 12, 24, and 36 inches, 
respectively. One-quarter inch barbed hose connectors were 
tapped into side of the column at full suspension depth and 
at one-half the suspension depth. One-quarter inch tygon 
tubing with pinch clamps were attached to each hose barb to 
allow sample collection and to draw off excess suspension. 
The columns were not raked. 
The Laser Zee Meter (Model 102 upgraded to Model 400 
specifications by the manufacturer, PenKem, Inc., Bedford 
Hills, New York) was used to make zeta potential 
measurements of suspension particles. In this instrument, 
impressed potential caused charged suspension particles to 
move in the electrophoretic sample cell of the Laser Zee. 
The movement of laser illuminated particles in the 
stationary fluid layer of the electrophoretic cell was 
observed with a dark field microscope. The zeta potential 
was measured by matching the particle velocity with a 
rotating prism mechanism controlled by the operator. 
The Hiac Model PC 320 instrument was used to obtain 
particle size distribution measurements of suspension 
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particles. A stream of suspension particles pass through a 
chamber containing a photocell opposite a light source. The 
magnitude of decrease in the light intensity as particles 
pass through the chamber is related to the size of particles 
when compared to calibrated spheres. In the mode used in 
this investigation, a signal within boundaries set by the 
operator counts as one particle within the size range set by 
the boundaries. The twelve channels used in this instrument 
allowed the operator to distribute the signals over the 1 to 
60 micrometer size range. Printed output from the 
instrument gives the total number of particles within the 
ranges set by the operator. 
Procedures 
Continuous thickening of dlatomaceous earth suspensions 
The primary operational objective for the continuous 
thickening experiments was to determine the steady-state 
concentration and piezometric profiles in the compression 
zone at assorted predetermined flux rates and polymer 
dosages. During a single experiment, the influent flux was 
held constant and the underflow was varied until the 
compression zone of suitable depth was obtained. Steady 
state was signalled by a nonfluctuating compression zone 
interface and by no change in the piezometric levels with 
time. 
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An experimental run was initiated by mixing the 
appropriate stock diatomaceous earth suspension and polymer 
solutions. A sufficient quantity of tap water, usually for 
one day's operation, was allowed to come to room temperature 
in the stock suspension tank. The quantity of diatomaceous 
earth needed to obtain a concentration which would give the 
desired flux at 400 ml of feed slurry per minute was weighed 
and added to the temperature-equilibrated water. This 
slurry was mixed for at least one hour before it was fed to 
the continuous thickener. The polymer solution was prepared 
by diluting an appropriate volume of 5 gram/liter stock 
solution to the concentration needed to provide the desired 
dosage to the stock diatomaceous earth suspension. 
Selection of the appropriate dilution also depended upon the 
polymer flow rate which ranged from 20 to 40 ml per minute. 
The polymer solution was mixed by vigorously shaking the 
stock polymer solution bottle. The polymer solution was 
replenished as needed with solutions similarly prepared in a 
second stock solution bottle. 
Prior to feeding diatomaceous earth to the thickener, 
the diatomaceous earth and polymer pumps were exercised for 
approximately 30 minutes to allow the tubing in the 
Masterflex pumps to attain consistent operating flexibility 
by pumping the respective suspensions into the mixed polymer 
dosing tank and allowing the suspension to flow to waste 
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through the top-most sampling port in the dosing tank. 
After this "warm-up" period, the pumps were calibrated by 
measuring the individual flows through the same sampling 
port over time with an appropriate graduated cylinder. 
The continuous thickener was filled to the overflow 
with temperature-equilibrated diatomaceous earth stock 
dilution water before the diatomaceous earth suspension was 
prepared. The stock dilution water was pumped through the 
thickener with the underflow set at the estimated steady 
state underflow rate. When steady flow through the 
thickener appeared to exist, initial values of piezometer 
readings were obtained and recorded. With the initial 
piezometer readings and necessary calibration thus 
completed, the pretreated diatomaceous earth slurry was 
allowed to flow into the thickener filled with clear water. 
Beginning the run in this manner (with the piezometers 
filled with clear water) resulted in very little 
diatomaceous earth suspension forced into the piezometer 
tubes and allowed a smooth startup of the thickener. 
With the influent flux at a constant rate, subsequent 
steps were taken to achieve steady state. At many of the 
flux rates attempted, the thickener was underloaded with 
respect to flux limitation in hindered settling, and the 
buildup of a compression zone was readily observed. The 
buildup of the compression zone was enhanced by initially 
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operating the underflow pump at a rate less than that 
expected at steady state. When the compression zone 
achieved the desired depth, the underflow pump speed was 
adjusted until steady state was attained. The length of 
time necessary to achieve steady state varied with flux 
rates and was as low as eight hours with the higher flux 
rates and as much as 20 hours or more at the low flux rates. 
When steady state was indicated by a constant 
compression zone interface height and nonvarying piezometric 
levels, various measurements were conducted. The steady-
state water levels in the piezometers were observed and 
recorded. Samples for suspended solids analysis were 
withdrawn from the sampling ports in the continuous 
thickener using the syringe. A 200-ml sample of the 
influent slurry for suspended solids analysis was obtained 
from the sampling port at the 27 cm depth in the polymer 
dosing vessel. A 200-ml sample of overflow was withdrawn 
directly from the water surface at the overflow using a 
syringe and a 200-ml sample of the underflow was collected 
directly from the discharge of the underflow pump. All 
suspended solids samples were placed in 250-ml plastic 
bottles for subsequent analysis. 
A 200-ml influent slurry sample was also collected from 
the polymer dosing vessel in a 250-ml beaker for zeta 
potential analysis. The solids were allowed to settle in 
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the beaker for approximately 5 minutes in order to provide a 
supernatant dilution water necessary for the zeta potential 
analysis. The settled solids were then diluted with 
dilution water in the syringe used to fill the 
electrophoretic cell. The zeta potential was then read with 
the Laser Zee, and the resulting mV reading was then 
corrected to 20 degrees C. 
Suspended solids analysis were conducted by filtration 
of the slurry samples through Whatman 6F/C glass fiber 
filters and subsequent drying to constant weight in an oven 
at 103 degrees C. Five milliliter sample volumes were used 
for the samples collected in the compression zone and for 
the underflow samples. Twenty-five milliliter sample 
volumes were used for samples collected from the dilute 
zone, the feed zone and influent and overflow samples. 
Due to the low production rate of slurry from the 
continuous thickener pretreatment system, it was not 
feasible to conduct batch hindered settling tests on these 
slurries. As will be shown later, the zeta potentials of 
sludges obtained from the two slurries correlate quite well, 
and the continuous thickener behavior at flux loads in which 
the thickener was flux limited in hindered settling matched 
the Stephenson (1985) flux curves quite closely. Thus, the 
slurry was assumed to be similar in quality to Stephenson's 
slurry and the aggregate parameters derived from his batch 
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studies were used in this study. 
Long term sediment height tests were conducted using 
the apparatus described earlier. Suspensions were prepared 
for these tests in the batch mixing tank described earlier. 
Procedures for dosing the diatomaceous earth with polymer 
were identical to those used by Stephenson (1985). Twenty-
four liters of filtered tap water at room temperature were 
placed in the mixing tank. Following the withdrawal of 4 
liters of this water to use for dilution of the polymer, 
preweighed quantities of diatomaceous earth were placed in 
the mixing tank. The suspension was mixed for 30 minutes 
before the polymer was added. A predetermined amount of 5 
g/liter stock polymer was diluted with the 4 liters of tap 
water withdrawn from the mixing tank for this purpose. The 
polymer solution was then mixed with the diatomaceous earth 
suspension for 10 minutes and then pumped into the settling 
columns using the Sarns transfer pump. The columns were 
filled using a predetermined random order. During the 
filling process, the end of the 0.75-inch filling hose was 
held approximately 1 inch above the base of the column to 
prevent excess turbulence. The rising slurry in the column 
eventually reached the top sampling port, which acted as an 
overflow and provided consistent initial suspension height 
in the sediment column. As soon as the overflow occurred, 
the next column was filled. 
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Samples of the slurry (200 ml volume) were collected 
for suspended solids analysis at the mid-height sampling 
port in each column. The zeta potential of the suspension 
was determined using a sample collected from the mixing tank 
just before the suspension was transferred to the settling 
columns. 
Samples were allowed to settle in the columns until no 
additional detectable settling occurred. The settlement 
heights were initially measured with a cathetometer 
graduated to the nearest 0.1 mm. However, it was found that 
undulations in the interface were as much a 0.5 to 1.5 mm 
negating the accuracy obtained with the cathetometer. 
Subsequently, final sediment heights were taken as the 
average of 3 measurements using a steel ruler graduated in 
millimeters. For the suspensions investigated in this study 
final sediment heights were usually attained within 3 days. 
Continuous thickening of water plant sludges 
Lime sludge and clarifier supernatant samples collected 
from the Ames and Marshalltown treatment plants were 
transported to the research laboratory on campus and allowed 
to come to room temperature. The sludge was brought to an 
appropriate solids concentration in the stock tank by either 
settling and decanting the supernatant or by dilution with 
the clarifier supernatant. The stock tank mixer was then 
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Started and run continuously until the end of the 
experiment. Each sample was used for several continuous 
thickener runs covering approximately 4 to 5 days of 
operation. Aggregate/particle property analyses were run on 
a daily basis to monitor any changes in the basic properties 
of the sludge which may occur. 
For each run, the continuous thickener was brought into 
operation using the same methods for pump calibration and 
initial piezometer readings as described previously. 
Clarifier supernatant was used for preliminary thickener 
filling, calibration and initial readings so that the ion 
balance was similar to that in the stock suspension tank. A 
volume of thickener supernatant equal to that used for 
preliminary filling was withdrawn from the thickener 
overflow line to conserve the initial suspension 
concentration. 
When the thickener operation reached steady state, 
measurements of the piezometric pressure and solids 
concentration profiles in the thickener were conducted 
identically to the methods described for the diatomaceous 
earth suspensions. At the completion of a run, the 
thickener was drained, cleaned, and prepared for a 
subsequent run. 
Immediately after startup of the thickener, final 
sediment height analyses, hindered settling tests and 
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aggregate/particle analyses were conducted on the contents 
of the stock suspension tank. 
Final sediment height tests were conducted in a manner 
similar to the method for diatomaceous earth except that the 
slurry to be tested was simply stirred in the batch mixing 
tank for 10 minutes without the addition of polymer or other 
coagulant and then placed in the sediment columns. An 
adequate volume of the slurry from the stock tank was 
diluted with clarifier supernatant water (typically with a 1 
to 1 dilution) in order to obtain a reasonable range in 
final sediment heights. 
Stirred hindered settling tests were conducted on the 
contents of the stock tank in order to determine aggregate 
properties and determine if changes in aggregate properties 
occurred from day to day. Tests were run on 4 to 5 
dilutions of the stock tank suspension in order to obtain 
enough data points to describe the straight-line portion of 
the (Michaels and Bolger, 1962) construction method. 
Suspensions from the stock tank were mixed with supernatant 
water to make up the dilution of interest. Each dilution 
was stirred in the batch mixing tank for 10 minutes before 
transfer to the settling column. Hindered settling tests on 
an undiluted sample of the stock suspension were conducted 
daily, and dilutions of the suspension were subject to 
hindered settling tests at the beginning and end of a series 
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of continuous thickening runs on a given sample. 
The zeta potential, pH, and particle size distribution 
of the stock tank suspension were determined on a daily 
basis. Additionally, the calcium and magnesium 
concentrations of the solids and fluid in the stock 
suspension were measured daily. Samples of the suspension 
were filtered through glass fiber filters and the solids 
retained were dried in a 103 degree C oven. The solids were 
then redissolved in a nitric acid solution and analysed for 
calcium and magnesium content by flame atomic adsorption. 
The supernatant of settled samples of the stock suspension 
was filtered through 0.45 micrometer membrane filters and 
acidified for analysis of calcium and magnesium content. 
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RESULTS AND ANALYSIS 
Results of the continuous thickening investigations and 
attendant experiments are presented below in two separate 
sections - the first section deals with thickening of 
diatonaceous earth and the second section deals with 
thickening of water softening sludges. 
Diatonaceous Earth Experiments 
Shakedown continuous thickening runs were conducted 
using the five polyner dosages used by Stephenson (1985). 
During the shakedown runs, several experimental problens 
were noted and resolved. These included streaming along the 
sampling and piezometer ports, selection of a proper sample 
volume for determining the suspended solids concentration 
profile, and establishing a constant flow rate in the 
thickener using the feed, polymer and underflow pumps. 
Additionally, the operational behavior of the thickener was 
qualitatively noted to be a function of polymer dosages. 
Beneficial behavioral observations included ease the of 
attainment of steady state conditions, the ease of pumping 
the underflow, and the polymer dosing consistency at various 
diatomaceous earth concentratinos (determined from zeta 
potential observations). 
As a result of the shakedown experiments, two polymer 
dosages, 6.25 X 10"^ g/g (mass polymer/mass diatomaceous 
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earth, or P/DE) and 5.0 X lOT* g/g, were chosen for further 
investigation in subsequent data collection experiments. It 
was postulated that, if aggregate properties have a 
significant effect on the compression zone behavior 
independent of particle properties, the comparison of 
continuous thickening results at these two different polymer 
dosages should reveal insights into behavioral differences. 
Stephenson's (1985) batch tests showed striking 
differences in the hindered settling behavior of the 
diatomaceous earth slurries at these polymer dosages. 
Figure 17 illustrates his results showing the solids flux 
as a function of diatomaceous earth solids concentration. 
Stephenson concluded that the major reason for the 
difference in the results from the two polymer dosages was 
due to differences in aggregate properties, especially in 
the region of lower solids concentrations. The aggregate 
properties determined by Stephenson (1985) for these two 
dosages are summarized in Table 4. The aggregate diameters 
and densities shown are for the low concentration region in 
which the Michaels and Bolger plot of vs. solids 
concentration is linear. Approximate measured zeta 
potentials are tabulated for the low solids concentration 
experiments as well. 
Particle properties were determined in order to 
establish a basis for comparison of diatomaceous earth 
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Figure 17. Flux curves for batch settling tests at 6.25 X 
10 ' g/g and 5 X 10"* g/g polymer dosages 
(Stephenson, 1985) 
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Table 4. Diatomaceous earth suspension characteristics 
(Stephenson, 1985) 
Polymer dose (P/DE), g/g 5 X 10-4 6.25 X 10-5 1 
Particle density, qfcv? 2.17 2.17 1 
Aggregate diameter, fm 196 183 1 
1 Aggregate density, g/cm^ 1.092 1.072 1 
Il Zeta potential, mV § 20*C +3 -30 1 
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results with those of other studies. Particle density of 
the diatonaceous earth, determined with a 100 ml water 
pycnometer, was 2.21 g/cm^, very close to the 2.20 g/cm^ 
value reported by the manufacturer. Results of the 
electronic particle size distribution analysis on the stock 
diatomaceous earth suspension are shown in Figure 18. The 
median particle size on a volume basis is 14.5 micrometers, 
close to the 15 micrometer value reported by the 
manufacturer. 
The objective of the diatomaceous earth continuous 
thickening investigations was to develop sufficient data for 
determining the effects of aggregate properties on 
thickening behavior in a raked and not raked compression 
zone. Calculated compressibilities and permeabilities from 
data collected over a range of flux rates could be used to 
support explanations of aggregate effects on the compression 
zone behavior. 
To accomplish this objective, experimental runs were 
made with the continuous thickener under the experimental 
conditions summarized in Table 5. At least one run was 
conducted at each feed condition in the raked mode, and 
another was conducted in the not raked mode. Nominal flux 
rates were the target rates for each experiment while the 
actual flux rates were calculated from averages of the 
influent and effluent mass flow rates. Tabulated interface 
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Figure 18. Particle size distribution of Celite 512 
diatonaceous earth 
Table 5. Experimental conditions for continuous thickening of diatomaceous 
earth suspensions 
Run Appendix Stock DE Nominal Flux, Actual Flux, Measured Zeta 
Number Table § Cone., g/L kg/m-s^ kg/m-s^ Potential, mV 
Polymer/DE = 5 X 10"* g/g 
S515 A-1 15 6.53 X 10-3 6.7 X 10-3 +0.6 
S515R A-2 15 6.53 X 10-3 6.9 X 10-3 —0.4 
S530 A-3 30 13.05 X 10-3 13.4 X 10-3 -1.9 
S530R A—4 30 13.05 X 10-3 14.5 X 10-3 -0.2 
T530 A-5 30 13.05 X 10-3 13.3 X 10-3 +0.7 
T530R A—6 30 13.05 X 10-3 13.8 X 10-3 -5.1 
T545 A-7 45 19.58 X 10-3 20.0 X 10-3 
-2.2 
T545R A-8 45 19.58 X 10-3 20.2 X 10-3 
-1.3 
T560 A-9 60 26.1 X 10-3 25.1 X 10-3 -0.7 
T560R A-10 60 26.1 X 10-3 26.6 X 10-3 +1.0 
1 Run Number notation: (in sequence of appearance in Run Number) 
1 S = Short column, T = Tall column 
1 5 = 5.0 X 10-* g/g P/DE dosage 
1 15, 30, 45 or 60 = diatomaceous earth stock solids concentration 
n R = raked mode 
Table 5. Experimental conditions for continuous thickening of diatomaceous 
earth suspensions (continued) 
Run 
Number^ 
Appendix 1 Stock DE 
Table # | Cone., g/L 
Nominal Flux, 
kg/m-s^ 
Actual Flux, 
kg/m-s^ 
Measured Zeta 
Potential, mV 
Polymer/DE = 6.25 X 10~® g/g 
S62515 A-11 15 6.53 X 10-3 7.2 X 10-3 -36.3 
S62515B A-12 15 6.53 X 10-3 6.5 X 10-3 -31.2 
S62515R A-13 15 6.53 X 10-3 7.1 X 10-3 -34.2 
S62515RB A—14 15 6.53 X 10-3 6.7 X 10-3 -32.7 
S62520 A-15 20 8.7 X 10-3 9.1 X 10-3 -34.5 
S62520R A-16 20 8.7 X 10-3 9.7 X 10-3 -36.0 
T62530 A-17 30 13.0 X 10-3 13.5 X 10-3 -37.7 
T62530R A-18 30 13.0 X 10-3 14.2 X 10-3 -37.1 
Run Number notation: (in sequence of appearance in Run Number) 
S = Short column, T = Tall column 
625 = 6.25 X IQ-S g/g P/DE dosage 
15, 20, or 30 = diatomaceous earth stock solution concentration 
R = raked mode 
B = duplicate run 
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heights and underflow concentrations were measured at steady 
state conditions. Other recorded data from these 
experiments and subsequent calculations are tabulated in 
Appendix A. 
Bat9h/sontinv9w@ comparison 
since the continuous thickener polymer dosing tank 
geometry was not identical to the batch dosing tank, it was 
necessary to determine whether the slurries produced by the 
two systems have similar characteristics. One could 
visually see that the aggregates produced by the continuous 
thickener apparatus at the lower polymer dose rate were 
smaller than those produced at the higher polymer dose rate, 
but this qualitative observation would not serve well for 
quantitative comparison. Since the production rate of the 
continuous column was only 400 ml per minute, it was not 
feasible to conduct batch settling tests on the effluent 
from the continuous column using the normal batch testing 
equipment. 
In order to determine similarity of aggregate behavior 
and thus aggregate properties, the Yoshioka method was used 
to compare behavior of the batch studies with behavior in 
the continuous studies. Raked, continuous thickening 
experiments with a flux limiting zone in hindered settling 
were selected for this comparison because the batch column 
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was raked and compression effects could be assumed absent 
during hindered settling according to the literature review. 
Hindered settling regimes were apparent at the highest 
experimental flux rates for the two experimental polymer 
dosages. The nearly constant concentration zones indicating 
hindered settling are shown in the solids concentration 
profiles plotted in Figure 19. For the 6.25 X 10'^ P/DE 
dosage, it appears that the flux limiting hindered settling 
concentration is approximately 70 g/L, while the flux 
limiting concentration for the 5.0 X 10"* P/DE dosage is 
approximately 100 g/L. 
Operating lines for these two thickening runs are 
plotted on the respective flux plots in Figure 20. These 
operating lines plot very close to the flux curves 
indicating that the aggregate characteristics developed in 
the batch experiments were closely repeated in the 
continuous experiments. Due to the small distance between 
the operating line and the batch flux curve at the 6.25 X 
10"S g/g polymer dosage, it may be surmised that the 
aggregates produced by the continuous thickener are either 
smaller or less dense than those produced in the batch 
tests. 
According to flux theory, the operating line should be 
tangent to the batch flux curve at the point where the flux 
limiting hindered concentration exists. These values are 
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Figure 20. Comparison of suspension behavior using batch 
and continuous thickening data 
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approximately 70 g/L for the 6.25 X 10'^ g/g P/DE dosage and 
100-120 g/L for the 5 X 10"* g/g P/DE dosage. These values 
compare well with the flux-limiting hindered settling solids 
concentrations mentioned above. Thus, reasonable 
correlation seems to exist between batch and continuous 
tests in hindered settling regimes. 
Additional evidence for comparison of the batch and 
continuous thickening aggregate characteristics is found by 
comparing zeta potential values. The measured values of 
zeta potential for the continuous thickening slurries (Table 
5) were slightly more negative than those of the batch tests 
of Stephenson (1985) (Table 4). The resulting difference in 
aggregate structure may explain the minor differences 
between the batch and continuous results when the continuous 
operating lines are plotted on the batch flux curve, 
especially at the lower P/DE ratio. 
As a result of the above comparisons and discussion, it 
was concluded that the aggregate characteristics obtained at 
lower concentrations in the batch tests by Stephenson (1985) 
were duplicated in the continuous thickening apparatus. 
However, no conclusions can be made correlating the batch 
and continuous aggregate characteristics at higher 
concentrations. According to Stephenson (1985) the 
aggregate characteristics in the batch, hindered tests were 
a function of hydrodynamic forces - the aggregates grew to a 
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size allowed by fluid friction forces as the hindered 
settling test commenced. Aggregate structures in the 
compression zone of the continuous thickener may not be 
similar because hydrodynamic and compressive forces may be 
assumed to shape the aggregates. Only those concentrations 
in hindered settling in the continuous thickener may be 
correlated, as described above. 
Solids concentration profiles 
Steady state solid concentration profiles from results 
representative of each nominal flux rate (Appendix A) are 
illustrated in Figures 21 through 27. The zero height 
concentration in these figures was obtained from the 
sampling port located just above the top of the cone at the 
bottom of the thickener. Since the solids concentration 
profiles of the compression zone and consequent underflow 
solids concentrations are dependent on flux and height of 
the compression zone, apparent compression zone heights and 
underflow solids concentrations are tabulated in Table 6. 
Assuming that gradually increasing solids concentration 
profiles indicate compression behavior, at the P/DE dosage 
of 5 X 10"* g/g both raked and not raked runs appeared to be 
in the compression regime at all flux rates except the 
highest rate (0.026 kg/m^-s. Figure 24). At the highest 
rate, regions of apparent constant concentration appear at 
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Figure 21. Solids concentration profiles from continuous 
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Figure 22. Solids concentration profiles from continuous 
thickening experiments at P/DE - 5 X IC* g/g and 
nominal flux • 0.013 kg/m'-s 
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Figure 23. Solids concentration profiles from continuous 
thickening experiments at P/DE - 5 X 10^ g/g and 
nominal flux « 0.0196 kg/m'-s 
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Figure 24. Solids concentration profiles from continuous 
thickening experiments at P/DE > 5 X 10^ g/g and 
nominal flux - 0.026 kg/m'-s 
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Figure 25. Solids concentration profiles from continuous 
thickening experiments at P/DE - 6.26 X 10' g/g 
and nominal flux » 0.0065 kg/m^-s 
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Figure 26. Solids concentration profiles from continuous 
thickening experiments at P/DE - 6.26 X lO' g/g 
and nominal flux - 0.0087 kg/m'-s 
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Figure 27. Solids concentration profiles from continuous 
thickening experiments at P/DE - 6.26 X 10*' g/g 
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Table 6. Experimental parameters for continuous thickening solids concentration 
profiles illustrated in Figures 21 - 27 
1 Run 
1 Number 
Appendix 
Table # 
Nominal Flux, 
kg/m-s^ 
Actual Flux, 
kg/m-s^ 
Compression 
Zone Height, 
cm 
Underflow 
Solids 
Cone., g/L 
1 Polymer/DE = 5 X lOT# g/g 
S515 A-1 6.53 X 10-3 6.7 X 10-3 59.7 205.3 
S515R A-2 6.53 X 10-3 6.9 X 10-3 56.8 203.3 
S530 A-3 13.05 X 10-3 13.4 X 10-3 70.4 214.8 
S530R A—4 13.05 X 10-3 14.5 X 10-3 72.7 182.7 
T545 A-7 19.58 X 10-3 20.0 X 10-3 n 
n
 
00 
186.3 
T545R A-8 19.58 X 10-3 20.2 X 10-3 76.3 163.4 
T560 A-9 26.1 X 10-3 25.1 X 10-3 * 179.5 
T560R A-10 26.1 X 10-3 26.6 X 10-3 * 141 
Polymer/DE = 6.25 X 10"® g/g 
S62515B A-12 6.53 X 10-3 6.5 X 10-3 56.2 225.3 
1 S62515RB A-14 6.53 X 10-3 6.7 X 10-3 * 164.4 
1 S62520 A-15 8.7 X 10-3 9.1 X 10-3 * 220 
S62520R A-16 8.7 X 10-3 9.7 X 10-3 * 147.6 
T62530 A-17 13.0 X 10-3 13.5 X 10-3 * 107.8 
T62530R A-18 13.0 X 10-3 14.2 X 10-3 * 101.3 
* = Hindered settling dominant in the thickener solids concentration profile 
148 
approximately 65 g/L for the not raked run and approximately 
100 g/1 for the raked run. As previously discussed, the 
thickener was likely optimally loaded (flux-limited) at 
0.026 kg/m^-s and under-loaded at all lower flux rates. 
Raking seemed to have little effect on the solids 
concentration profiles at 0.0065 kg/m^-s, but reduced the 
solids concentrations (as a function of depth) obtained in 
the thickener at the other three flux rates (Figures 21 
through 23). 
In contrast, the 6.25 X 10~^ g/g P/DE dosage exhibited 
compression settling at only the lowest flux (0.0065 kg/m^-
s. Figure 25) in the not-raked mode. As indicated by the 
constant concentration with depth profiles in Figures 25 
through 27, the thickener was flux limited in hindered 
settling in all cases under raked conditions, and also for 
the not-raked runs at 0.0087 and 0.013 kg/mf-s loading 
rates. 
The superior thickening behavior displayed by the 5 X 
10"* g/g P/DE suspension in the batch flux curves for the 
diatomaceous earth suspension is evident when examining its 
behavior in the continuous thickener. The 5 X 10"* g/g P/DE 
suspension has larger, more dense aggregates which allow a 
higher flux rate through the thickener than the 6.25 X 10"^ 
g/g P/DE suspension. Thus, with the 5 X 10"* g/g P/DE 
suspension, the thickener remained under-loaded with respect 
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to flux limitations at even relatively high loading rates, 
allowing the compression regime to dominate the solids 
concentration profile. 
It is perhaps most fitting to compare the behaviors of 
the two suspensions at the same solids flux rate, thus 
eliminating flux rate as a variable and attributing the 
behavior to the aggregate properties alone. Therefore, the 
effect of aggregate nature on the behavior in the 
compression zone is best demonstrated by comparing Figures 
21 and 25 which show the raked and not raked solids 
concentration profiles at the nominal flux rate of 0.0065 
kg/m^-s. Comparing the not raked profile for the 5 X lor* 
g/g P/DE suspension in Figure 21 with that of the 
6.25 X lO'S g/g P/DE suspension in Figure 25, it is seen 
that the lower polymer dosage achieved a higher underflow 
solids concentration. It is possible that the smaller 
aggregates allowed closer packing at the lower polymer 
dosage, resulting in a higher solids concentration. 
The diatomaceous earth slurries behaved drastically 
differently when the thickening zone was raked with the 
picket rake. When the raked steady state solids 
concentration profiles are compared, it is seen that there 
was relatively little effect on the solids concentration 
profile at the 5 X 10"* g/g P/DE dosage (Figure 21), whereas 
the solids concentration profile at the 6.25 X 10~^ g/g P/DE 
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dosage exhibits hindered settling (Figure 25), rather than 
the increase in solids concentration with depth typical of 
compression settling. 
GpmpreeeibilitY 
Evidence summarized in the literature review indicated 
that the flocculent nature of suspension aggregates affects 
the compressibility of the aggregates in the thickening 
process. Compressibility has typically been Illustrated 
using plots of solids concentration, or void ratio, as a 
function of effective pressure. 
Both batch and continuous thickening data collected in 
this investigation can be used to compare the 
compressibility of the dlatomaceous earth suspensions. 
Because raking caused hindered settling to dominate the 
continuous thickening experiments at the lower P/DE dosage, 
insufficient data exists to compare compressibilities under 
raked conditions. Additionally, raked sediment tests were 
not conducted as part of the experimental program. 
Therefore, the following discussion entails only the 
nonraked data. 
Long-term settling test data (also termed final 
sediment height data or sediment height test data) was 
evaluated using the methods of Shirato et ai. (1970) and 
Tiller and Khatlb (1984) presented in the literature review. 
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Figure 28 pictorially presents the data from tests conducted 
at two different initial concentrations and at four 
different initial suspension depths. Examination of Figure 
28 shows that, at a fixed value of initial solids volume per 
unit area, the lower polymer dosage yields a smaller final 
sediment height, indicating a greater sediment density. 
This is somewhat expected since the lower dosage yields a 
smaller aggregate size, allowing a greater density of 
sediment. 
Using the method of Tiller and Khatib (1984), the 
coefficients of the equations for best-fit lines through the 
data in Figure 28 were used to develop equations for 
solidosity and solids concentration as a function of 
effective pressure. These equations, shown in Table 7, 
represent constitutive equations for the compressibility 
component of the thickening models. If batch tests such as 
these are legitimate, graphical representations of the 
equations in Table 7 should correlate with experimental data 
collected from continuous thickening tests. 
Effective pressures in the apparent compression profile 
of the continuous thickening experiments were calculated by 
subtracting the excess pore water pressure from the 
calculated solids buoyant pressure (see sample calculations 
in Appendix A). These data are plotted in Figure 29 for the 
not-raked experiments in which compression was evident from 
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Figure 28. Calculated solide volume per unit area vs. 
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Table 7. Compressibility constitutive relationships developed 
from sediment height data 
P/DE, g/g 6.25 X 10"® 5 X 10-4 
Equation of best-fit line Wg = 0.095L^-^^* Wg = 0.0714L^-"2 
Compressibility Equations 
Solidosity 
Solids concentration 
€g = 0.052Pa°*^°2 
C = 114.4pg°-^°2 
€g = 0.031pg®-"'' 
C = 68.2pg°*"^ 
Wg = solids volume per unit area, cm^/cm^ 
L = final sediment height, cm 
€g = solidosity, (-) 
Pg = effective pressure. Pa 
C = solids concentration, g/L 
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Figure 29. Diatonaceous earth solide concentrations as a 
function of effective pressure calculated from 
continuous thickening data 
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the appearance of the solids concentration profile 
(experiments S515, S530, T530, T545, S62515, and S62515B in 
Appendix A). Although data are somewhat scarce at the lower 
polymer dosage, the solids concentrations at the lower 
polymer dosage are greater at a fixed effective stress. 
Equations resulting from the long term settling tests 
are plotted in Figures 30 and 31 along with the effective 
stress data from the continuous thickening tests. While the 
continuous thickening data at the lower polymer dosage falls 
in the general vicinity of the sediment test curve, the 
continuous thickening data from the higher polymer dosage is 
not described well by the sediment test data curve. One 
possible explanation of this apparent difference is that the 
floe at the higher dosage may be altered to a greater extent 
by the hydrodynamic flow conditions existing in the 
continuous thickener, whereas the sediment tests are done 
under more or less quiescent conditions. 
The continuous thickening data in Figure 29 appear to 
be quite erratic. The effective pressure data for the raked 
experiments in Appendix A are even more erratic with some 
experiments yielding even negative calculated effective 
pressures, which would represent a fluidized situation. The 
erratic behavior of the data is presumed to be an artifact 
of the experimental procedures since effective pressures are 
obtained by subtracting excess pore water pressure from the 
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Figure 31. Coaparison of continuous thickening data and 
sediment test curve at P/DE - 6.25 X 10^ g/g 
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cumulative solids buoyant pressure. The effective pressures 
are extremely small, and errors in obtaining the excess pore 
water pressure through the manometer readings or errors in 
withdrawing slurry samples for suspended solids analyses 
would contribute to this erratic behavior. 
The relative magnitude of pore water pressure and total 
buoyant pressure for typical continuous thickening runs is 
illustrated in Figures 32 and 33. These data are for not-
raked conditions in which a compression zone is indicated by 
the gradually increasing concentration profile. The 
difference between the solids buoyant pressure and the pore 
water pressure represents the effective pressure. 
Comparison of these figures indicates that the pore water 
pressure is the dominant component of the support pressure 
in the compression zone. The effective pressure component 
is a relatively small increment of the total buoyant 
pressure. 
Permeabilitv 
Due to the dominance of the pore water pressure, it is 
suspected that the permeability of the structure in the 
compression zone is the primary factor governing the 
thickening properties of these suspensions. Differences 
between behavior of the suspensions should be explainable on 
the basis of the effect of aggregate properties on the 
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thickening experiment S515 
160 
120 
Solids Buoyant Pressure 
Excess Pore Pressure 
^DE = 0.0000625 g/g 
Flux = 0.0065 kg/m -s 
100-
80 — 
i 
X 
40-
20-
200 300 
PRESSURE, Pa 
400 500 600 100 
Figure 33. Pressure profile for not-raked continuous 
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permeability. 
Permeability in the compression zone of each continuous 
thickening run was calculated using the methods described in 
the literature review. Results of these calculations for 
each run are presented in Appendix A. Again, because 
compression was not evident according to the concentration 
profiles of the raked experiments at the lower diatomaceous 
earth dosages, permeability data for those runs (S62515R, 
S62515RB, S62520R, and S62530R in Appendix A) are not 
discussed below. 
Permeability data for all raked and not-raked 
continuous thickening experiments at the P/DE = 5 X 10"* g/g 
dosage are plotted versus solids concentration in Figure 34. 
A definite trend is indicated for both the raked and not-
raked data. The dashed line (not-raked) and solid line 
(raked) represent best-fit, power curve equations of the 
form k = aC*' used by several authors in the literature (r = 
0.93 and 0.95, respectively). According to the best-fit 
curves, there appears to be very little difference between 
the raked and not-raked permeabilities at the high polymer 
dosage. This comparison supports the lack of effect that 
raking had on the solids concentration profile at the high 
polymer dosage. 
Permeability data for the not-raked experiments at both 
polymer dosages are depicted in Figure 35. At a relatively 
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Figure 34. Relationship between solids concentration and 
permeability for raked and not-raked continuous 
thickening experiments at P/DE « 5 X 10"* g/g 
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Figure 35. Solids concentration vs. permeability for not-
raked continuous thickening experiments at both 
polymer dosages 
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low concentrations, the higher polymer dosage appears to 
exhibit a higher permeability, whereas at the higher 
concentrations, the low polymer dosage appears to exhibit 
higher permeability. Assuming that the aggregates behave 
as spheres, and a similar degree of packing is achieved at 
both polymer dosages, it is possible that the permeability 
of the larger aggregates obtained at the higher polymer 
dosage would be greater because the inter-aggregate pore 
spaces would be larger, creating less head loss resulting 
from fluid flow. However, since the reverse appears to be 
true at the higher concentrations, additional factors must 
be at play. 
Raking and channeling 
The difference between the raked and not-raked 
concentration profiles for the two polymer dosages was noted 
previously. The presence of channeling in the thickening 
zone seemed related to the effects of raking on the solids 
concentration profile. Photographs of the thickening zone 
taken during the experiments showed random channels up to l 
millimeter in diameter extending into the compression zone 
at the 6.25 X 10"® g/g P/DE dosage, whereas the 5 X 10"* g/g 
P/DE dosage exhibited very little channeling. Examples of 
these photographs are illustrated in Figure 36. 
The channeling effect seemed to be a function of 
Figure 36. Photographs of thickening zone (Experiment S62515) 
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aggregate size, becoming more necessary for effective 
thickening at equal flux rates as the aggregates become 
smaller. Apparently, the inter-aggregate pore space for the 
larger aggregates was great enough to allow sufficient 
movement of solids with respect to the water but not great 
enough to force the formation of channels. However, the 
pore water pressures at the small aggregate size were great 
enough to allow sufficient pressures at the small aggregate 
size to cause the formation of visible channels. Once these 
channels were destroyed by the raking effect, the pore water 
pressure was not relieved, and the system was thrown into a 
state of hydrodynamic settling typical of hindered settling. 
The channeling phenomena could also be used to justify 
the differences between permeability behavior when the not-
raked permeabilities of the two polymer dosages are compared 
at high concentrations. To better define the differences, 
the permeability versus concentration data were re-plotted 
for both polymer dosages at the not-raked differences and at 
the 6.5 kg/mf-s nominal flux rate. The resulting plots, 
depicted in Figure 37, show the greater permeability at the 
lower polymer dosage at a constant concentration. 
Aggregate characteristic differences must be 
responsible for the difference in the behavior, since 
aggregate properties were the only suspension variable in 
these experiments. The smaller aggregate size of the lower 
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Figure 37. Comparison of permeabilities at high solids 
concentrations for both polymer dosages 
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dosage appears more susceptible to channel formation under 
the ambient pore water pressures. When channels are formed, 
the permeability of the overall structure Is increased, 
allowing the pore water pressure to be released and allowing 
a larger portion of effective pressure to cause a greater 
degree of self-weight consolidation. Raking destroys the 
channels, thus not allowing consolidation to occur to the 
degree achieved under the not-raked condition. 
Based upon the above considerations, a valid 
preliminary conclusion is that even this minor variation in 
aggregate size has a major effect on the thickening behavior 
in the compression zone. At small aggregate sizes, 
channeling is essential to achieve a high degree of 
consolidation in the compression zone. Imposition of a 
raking condition is deleterious to the thickening process at 
the smaller aggregate sizes. 
Softening Sludge Results 
Sludges collected from the precipitation softening 
processes at the Ames and Marshalltown water treatment 
facilities were used for further evaluation of effects of 
suspension properties on continuous thickening behavior. 
Three separate samples of size sufficient to maintain 
continuous thickener operations were collected from each 
treatment facility. Each sample was reused for four to six 
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continuous thickening experiments. Measured and calculated 
data from continuous thickening experiments on Ames and 
Narshalltown sludges are tabulated in Appendices B and C, 
respectively. 
Tables 8 and 9 summarize the experimental conditions 
for each continuous thickening run tabulated in Appendices B 
and C. The heavy horizontal lines in the tables delineate 
groups of experiments which were run on a single recycled 
sample. Raked compression zone experiments are indicated 
with an "R" following the run number. 
At least two suspension feed flux ranges exhibiting 
predominantly compression settling were attempted with each 
sludge. As shown in Table 8, the higher flux range for the 
Ames sludge was 0.002 to 0.0023 kg/m^-s and the lower flux 
range was approximately 0.0011 to 0.0014 kg/mf-s. In the 
not-raked mode, hindered settling was noted at elevated flux 
rates (runs 1,4, and 9) indicating that the thickener was 
optimally loaded at these flux conditions. 
Steady state interface heights and underflow solids 
concentrations and flow rates are also tabulated. The 
determination of hindered versus compression interface was 
made using visual observations only and was in most cases 
confirmed by the shape of the solids concentration profile. 
Question marks on the table indicate uncertainty regarding 
the presence of a compression zone. Relative to the 
Table 8. Es^erimental conditions for continuous thickening of Ames water 
treatment plant sludges 
1 Run # (R = 
Raked) 
Appendix 
Table # 
Flux Rate 
kg/m^-s 
(X 103) 
Interface Height, cm 
Hindered Compression 
Underflow 
Concentration Flow Rate 
g/L ml/min. 
1 B-1 2.22 92 29.52 67 
2 B-2 2.02 61.2 50.76 38 
3 B-3 1.16 50 54.95 19 
4 B-4 2.4 58 ? 38.94 57 
5R B-5 1.91 56.9 42.83 41 
6R B-6 1.35 61.9 51.25 24 
7 B-7 2.11 58.8 48.99 40 
8 B-8 1.24 47.6 54.75 20 
9 B-9 2.41 77.5 ? 39.55 56 
lOR B-10 1.28 57.1 51.71 23 
IIR B-11 2.29 67 ? 35.97 58 
12 B-12 2.20 76.3 9 45.65 44 
13 B-13 1.37 47.5 59.76 22 
1 B-14 2.30 45.4 47.57 44 
1 B-15 1.43 38.1 61.17 21 
1 16R B-16 2.69 51 43.8 56 
Table 9. Experimental conditions for continuous thickening of Marshalltown 
water treatment plant sludges 
Run # 
(R = 
Raked) 
Appendix 
Table # 
Flux Rate 
kg/mf-s 
(X lo3) 
Interface Height, cm 
Hindered Compression 
Underflow 
Concentration Flow Rate 
g/L ml/min. 
1 C-1 4.96 56.2 165.3 26 
2 C-2 7.9 58.7 142.4 50 
3 C-3 7.43 47.1 139.1 47 
4 C-4 5.11 52.6 154.2 29 
5 C-5 9.27 92 95.9 80 
6 C-6 7.12 43.2 201.0 32 
7 C-7 10.04 44.1 205.1 44 
8R C-8 6.31 46.9 185.9 29 
9R C-9 9.62 
H
 
H
 
m
 132.8 60 
10 C-10 5.61 63.4 
H
 
n
 
00 
60.5 
11 C-11 3.27 51.6 101.9 28 
12R C-12 6.00 64 56.9 89 
1 13R C-13 3.39 50.3 97.8 32.5 
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interface heights and flux rates of individual experiments, 
the underflow solids concentrations varied as expected, with 
higher solids concentrations at lower flux rates and similar 
compression zone heights. 
Due to great inconsistency in the sludge aggregate 
characteristics from the Marshalltown treatment facility, it 
was not possible to maintain consistent experimental feed 
flux rates with the three separate sludge samples. However, 
at least two flux ranges exhibiting compression zone 
profiles were attempted with each sample. Again, the 
variation of underflow solids concentration with feed flux 
was as expected. 
The differences in sludge behavior between the three 
samples is readily apparent when the underflow solids 
concentrations are compared. Very high underflow solids 
concentrations were obtained with runs 6 through 9R when 
compared with those obtained with runs 10 through 13R, even 
though runs 10 through 13R were at roughly 50 percent of the 
solids feed rate of runs 6 through 9R. 
Simple comparison of the underflow solids 
concentrations and applied solids loadings suggests that the 
Marshalltown sludge behaved in a manner drastically 
different from the Ames sludge. In the not-raked mode, 
Marshalltown thickener underflow solids concentrations were 
3 to 4 times those of the Ames experiments even when the 
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Narshalltown applied flux rates ranged from 2 to 4 times the 
Ames flux rates. 
Particle and aggregate prppertiee 
Analyses of various suspension characteristics were 
conducted throughout the course of each series of continuous 
thickening runs on the softening sludge samples. Results of 
hindered settling tests conducted to determine aggregate 
densities and diameters are tabulated in Appendix D. 
Particle size distributions of the sludges are presented in 
Appendix F. 
Suspension properties obtained from data in Appendices 
D and F are summarized in Tables 10 and 11 along with 
particle density and zeta potential data collected during 
the continuous thickening experiments. The date of each 
measurement is tabulated so that results can be interpreted 
with regard to the sequence of continuous thickening 
experiments. Particle density was measured only once on 
each of the three sludge samples collected from the Ames and 
Marsha11town treatment facilities. Averages for each 
parameter are calculated to facilitate discussion. 
The aggregate properties of the Ames sludges were quite 
consistent when the three samples were compared. As shown 
in Table 10, the initial aggregate diameters for the Ames 
sludges ranged from 331 to 368 micrometers and the initial 
Table 10. Suspension properties measured during continuous thickening 
experiments using Ames water treatment plemt sludges 
Experiment 
Sequence Date 
Aggregate 
Diameter 
microns 
Aggregate 
Density 
g/cm^ 
Median Particle 
Size microns 
Particle 
Density 
q/ca? 
Zeta 
Potential 
mV § 20 C 
Amesi-6 6/1/87 331 1.022 2.55 11.1 
6/2/87 16 11.5 
6/4/87 16 9.1 
Average 331 1.022 16 10.6 
Ames7-12 6/8/87 346 1.021 15.4 2.55 7.6 
6/9/87 16 
6/10/87 15.6 8.0 
6/11/87 289 1.023 16.1 8.3 
6/12/87 317 1.022 16.1 8.2 
Average 15.8 8.0 
Ames 13-16 8/11/87 368 1.022 18.1 2.57 8.4 
8/13/87 307 1.025 21.0 8.6 
Average 337 1.023 19.5 8.5 
Table 11. Suspension properties measured during continuous thickening 
experiments using Harshalltown water treatment plant sludges 
Experiment 
Sequence Date 
Aggregate 
Diameter 
microns 
Aggregate 
Density 
g/cm^ 
Median Particle 
Size microns 
Particle 
Density 
q/ca? 
Zeta 
Potential 
mV § 20 C 
Marshl-5 6/22/87 214 1.071 24 2.6 10.1 
6/23/87 24 
6/24/87 15.1 
6/25/87 201 1.068 24 16.2 
Average 207 1.069 24 13.8 
Marsh6-9 7/14/87 178 1.090 23.2 2.60 8.3 
7/15/87 24.3 8.0 
7/16/87 165 1.088 25.4 8.5 
Average 171 1.089 24.3 8.3 
MarshlO-13 8/18/87 344 1.035 24.8 2.59 11.8 
8/19/87 24.8 
8/20/87 247 1.043 24.4 11.2 
Average 295 1.039 24.7 11.5 
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aggregate density was 1.021 to 1.022 g/cm^. For 
experimental sequences Ames7-Amesl2 and Amesl3-16R, 
aggregate diameters decreased by 16.4 percent and 16.5 
percent, respectively. Aggregate densities increased 
marginally. These changes in aggregate properties over time 
were expected since the sludges were being reused. 
Continuous thickening results would need to be interpreted 
in light of these aggregate changes. 
In contrast to the aggregate diameter, the median Ames 
sludge particle size tabulated in Table 10 (from Appendix F 
taken as the particle size at particle volume 50 percent 
finer) was quite consistent during an experimental sequence 
on each sludge sample. The average median particle size for 
Amesl3-16R was slightly greater than those from the first 
two sequences (19.5 micrometers versus 16 and 16.1 
micrometers). 
Consistent trends of change in zeta potentials during 
an experimental sequence cannot be observed from the Ames 
sludge results. The data were quite consistent within each 
experimental sequence with most of the variations within a 
range of error expected with the zeta potential measurement 
procedure. 
Variations in aggregate properties between the three 
Marshalltown sludge samples (Table 11) were much greater 
than those of the Ames sludge. Initial aggregate diameters 
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ranged from 178 micrometers to 344 micrometers and initial 
aggregate densities ranged from 1.035 g/cm^ to 1.090 g/cm^. 
These variations were likely due to lime dosage variations 
experienced at the Marshalltown facility resulting from 
mechanical problems with the chemical feed system. 
Aggregate diameter reductions from beginning to end of 
sequences Marshl-5, Marsh6-9R, and MarshlO-13R were 6, 7.3 
and 28.2 percent, respectively. The decreases for Marshl-5 
and Marsh6-9R were less than one half those experienced with 
the Ames sludges, while the decrease for MarshlO-13R was 
nearly twice that of the Ames sludges. The relative 
decrease in aggregate diameter appears to be smaller with 
smaller diameter aggregates. While this difference in 
aggregate behavior is acknowledged, the thrust of this 
investigation was on the effect of suspension properties on 
thickening behavior and not on sources of differences in 
suspension properties, and further speculation on the 
sources of these differences is not within the scope of this 
study. 
Particle characteristics of the Marshalltown sludge 
varied much less than aggregate characteristics. The median 
particle size of the Marshalltown ranged consistently 
between 24 and 25 micrometers. Particle densities ranged 
from 2.59 to 2.6 g/cm^. Variations in zeta potentials 
between the three samples collected at Marshalltown were 
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likely related to the chemical feed variations acknowledged 
above. 
Solide concentration prpfilee 
Solids concentration profiles generated during 
continuous thickening experiments using Ames sludge in the 
not-raked mode are illustrated in Figures 38 through 40. 
Figure 38 contains solids concentration profiles for the low 
flux range experiments (Ames3 = 0.00116 kg/mf-s; AmesS = 
0.00124 kg/m^-s; Amesl3 = 0.00137 kg/mf-s; average = 0.00126 
kg/mf-s). Figure 39 contains solids concentration profiles 
for the high flux range experiments (Ames2 = 0.00202 
kg/mf-s; Ames7 = 0.00211 kg/mf-s; Amesl4 = 0.00230 kg/mf-s; 
average = 0.00214 kg/mf-s). Figure 40 contains solids 
concentration profiles for experiments containing a hindered 
settling zone indicating optimal flux loading (Amesl = 
0.00222 kg/m^-s; Ames4 = 0.00240 kg/m^-s; AmesS = 0.00241 
kg/m^-s; average = 0.00234 kg/m^-s). To improve clarity of 
these figures, solids concentrations used to construct the 
profiles were from approximate best fit lines through the 
measured solids concentration data. The plotted points are 
those found in column 3 of the continuous thickening data 
tables found in Appendices B and C. 
Solids concentration profiles in Figures 38 and 39 were 
collected during the first two days of each experimental 
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Figure 38. Concentration profiles from Ames sludge 
continuous thickening experiments in low flux 
range (not raked, average flux 0.00126 kg/m'-s) 
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Figure 39. Concentration profiles from Ames sludge 
continuous thickening experiments in high flux 
range (not raked, average flux 0.00214 kg/m'-s) 
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Figure 40. Concentration profiles from Ames sludge 
continuous thickening experiments exhibiting 
hindered settling (not raked, average flux 
0.00234 kg/m'-s) 
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sequence. Even though aggregate variations identified 
previously likely occurred during each sequence, the 
concentration profiles are duplicated quite closely. As 
expected from compression zone theory, lower solids 
concentrations were achieved at each depth at the higher 
flux rates than at the lower flux rates. 
Hindered settling regimes depicted in Figure 40 
indicate optimal loading of the thickener. The flux 
limiting concentration at this flux rate appears to be 
approximately 16 g/L. The apparent compression zone towards 
the bottom of the profiles for Ames4 and Ames9 is likely an 
artifact of the method of startup of the thickener, in which 
lower than steady state underflow rates were used to build 
up the solids inventory in the thickener. It is interesting 
to note that the loading rates required to achieve the 
profiles in Figure 40 were very close to the flux rates for 
the profiles shown in Figure 39, in which compression 
dominated the profile, indicating that the profiles of 
Figure 39 emanate from a slight underloading of the 
thickener with respect to flux limiting conditions. 
Due to variations in aggregate properties of the 
Marshalltown sludges and resulting effects on allowable flux 
rates in the thickening experiments, concentration profile 
data from Marshalltown sludge experiments are more variable 
and difficult to compare. The concentration profiles 
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illustrated in Figure 41 are from the lowest applied solids 
flux loading rates used for the three separate Marshalltown 
sludge samples. The Harsh6 sludge experienced the highest 
underflow concentration even though it was applied at the 
highest flux rate. Marshl and Narshll thickened 
progressively more poorly, even though the flux rates were 
progressively lower. 
Since the median particle sizes for the three separate 
samples were approximately the same value (approximately 24 
micrometers), differences in the profiles can be attributed 
to aggregate properties alone. From Table 11, respective 
average aggregate diameters and densities for the 
experimental sequences associated with each profile were: 
Marshll, 295 micrometers and 1.039 g/cm^; Marshl, 207 
micrometers and 1.069 g/cm^; and Marsh6, 171 micrometers and 
1.089 g/cmf. Thus, if the concentration profiles are viewed 
from left to right, the suspension aggregate diameter 
associated with each concentration profile decreases and the 
aggregate density increases. This indicates a clear 
relationship between aggregate properties and thickening 
behavior in the compression zone. 
As shown by comparing Figures 38 and 39 with Figure 41, 
the Marshalltown sludge samples all exhibited better 
thickening characteristics than the Ames sludge samples. 
While Marshll (Figure 41) and Ames7 (Figure 39) possessed 
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Figure 41. Concentration profiles obtained at the lowest 
solids flux loadings for the three separate 
Narshalltown sludge samples 
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similar initial aggregate diameters, the aggregate density 
of the Narshll sludge was greater, (1.035 g/cm^ vs 1.021 
g/cm^). Assuming a similar structural arrangement in the 
compression zone, the greater aggregate density of the 
Marshalltown sludge would lead to greater solids 
concentrations in the compression zone. 
GomprgeeibilitY 
The evaluation of sediment height test results and 
continuous thickening results for softening sludges was 
similar to that of the diatomaceous earth slurries. 
Sediment height test result plots are located in Appendix E. 
Compressibility constitutive relationships developed from 
the sediment height test data for softening sludges are 
tabulated in Table 12. As seen from the testing dates 
presented in Table 12, sediment height tests were obtained 
generally at the beginning and end of the experimental 
sequence on a softening sludge sample. Sediment height test 
results were obtained only at the beginning of sequences 
Amesl-6R and MarshlO-13R. 
The constitutive relationships resulting from sediment 
height tests on the Ames sludges are plotted in Figure 42. 
The single solid line represents the initial characteristic 
of the Ames 1-6R sequence. The lower dashed line of the 
remaining two sequences represents the initial 
Table 12. Compressibility constitutive relationships developed 
from sediment height test data for softening sludges 
1 Test Sequence Date 
Best Fit Equation, 
Sediment Test Data 
Constitutive 
Relationship 
1 Amesl-6R 6/1/87 Wg = 0.00707L^-"® C = 9.12pg°-^®2 
Ames7-12 6/8/87 Wg = 0.00655L^-24^ C = 8.40pg0-^®® 
6/11/87 Wg = 0.00926L^-214 C = 11.99pg°-"® 
Amesl3-16R 8/11/87 Wg = 0.00671L^-2" C = 8.18pa°*211 
8/13/87 Wg = 0.00920L^-244 C = 14.40Pa°-"® 
Marshl-5 6/23/87 Wg = 0.02402L^-^®® C = 29.19p,°-"^ 
6/25/87 Wg = 0.02764L^-"® C = 33.82pg®*"^ 
Marsh6-9R 7/14/87 Wg = 0.03141L^-^®5 C = 35.42p,°-"* 
7/16/87 Wg = 0.03710L^-"^ C = 44.53p,°*^*® 
1 MarshlO-13R 8/18/87 Wg = 0.01133L^-243 C = 13.08pg°-^®® 
D Wg = solids volume per unit area, cm^/cm^ 
1 L = final sediment height, cm 
1 Pg = effective pressure. Pa 
1 C = solids concentration, g/L 
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Figure 42. Compressibility relationships for Ames sludges 
developed from final sediment height test data 
188 
characteristics while the upper dashed line represents the 
final characteristics. 
The initial compressibility relationships for the three 
sequences appear very similar to each other, providing 
additional evidence for previously stated similarities in 
initial aggregate characteristics for the Ames sludge 
samples. The differences between the initial and final 
compressibility relationships for sequences Ames7-12 and 
Amesl3-16R imply that changes in the aggregate structure 
affected the compressibility behavior. In this particular 
case, higher solids concentrations were achieved at fixed 
effective pressure values. Since the final aggregate sizes 
were smaller and the aggregate densities were larger than 
the initial values for these properties, it follows that the 
higher solids concentrations in Figure 42 could be achieved 
if the inter-aggregate structural arrangements are similar 
in the sediment tests. 
Sludge solids concentrations achieved over the range of 
effective pressures calculated from not-raked continuous 
thickening experiments of Ames water treatment plant sludges 
are plotted in Figure 43 along with constitutive 
relationships derived from sediment height test data for 
sequence Amesl3-16R. As noted for the diatomaceous earth 
test results, calculations using the experimental continuous 
thickening data resulted in erratic, and often negative, 
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Figure 43. Conparleon of continuous thickening data and 
•edinent test curve for Anes sludges 
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effective pressure values. Again, these values were 
attributed to errors in the sensitive measurements in the 
experimental protocol. However, the data shown in Figure 43 
are believed to be representative of the Ames sludge. 
When compared with the continuous thickening results, 
the sediment test constitutive relationships under predict 
the solids concentrations in the effective pressure range 
exhibited in the continuous test results. Again, this could 
be attributed to differences between the active hydrodynamic 
forces in the continuous thickener and the relative lack 
thereof in the sediment tests. 
Compressibility relationships derived from the sediment 
height tests on the Marshalltown sludges are depicted in 
Figure 44. As with the Ames sludges, changes in aggregate 
characteristics from beginning to end of experimental 
sequences Marsh6-9R and MarshlO-13R are reflected in the 
displacement between the initial and final compressibility 
relationships. 
Data relating calculated effective pressures to sludge 
solids concentrations in the continuous thickening 
experiments on the Marshalltown sludge (Appendix C) are 
plotted in Figure 45. These data are from not-raked 
experiments on each of the three Marshalltown sludge 
samples. Again, the data are quite erratic, but greater 
success was achieved in obtaining nonnegative data for these 
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Figure 44. Compressibility relationships for Marshalltown 
sludges developed from final sediment height 
test data 
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experiments than for the Ames sludge samples. 
The data shown in Figure 45 and the curves illustrated 
in Figure 44 delineate groups specific to the sequence from 
which the data originated. Average aggregate diameters (**) 
and densities (p^) are tabulated on Figures 44 and 45 
adjacent to the legend for each experimental sequence. The 
vertical displacement between the data and curves correlates 
with aggregate properties. Higher solids concentrations at 
fixed effective pressures correlate with increased aggregate 
densities and with decreased aggregate sizes. Although the 
sediment tests correctly predict the displacement between 
groups of data as a function of aggregate characteristics, 
the sediment tests again under predict the continuous 
thickening solids concentrations. 
permeabilitY 
Permeability values were again calculated using the 
superficial velocity and pore water pressure gradient. 
Figures 46 and 47 ahow the pressure profiles as a function 
of height in the continuous thickener for selected Ames and 
Marshalltown experiments. Again, since the excess pore 
water pressure dominates the total solids buoyant pressure, 
differences in aggregate characteristics are likely 
reflected in the permeability profiles. 
Permeability values calculated from not-raked 
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Figure 46. Pressure profile for continuous thickening 
experiment Amesl3 
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Figure 47. Pressure profile for continuous thickening 
experiment Marsh2 
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continuous thickening data using Ames sludge are presented 
as a function of solids concentration in Figure 48. Data 
are separated into two groups: a low flux group with an 
average applied solids flux of 0.00126 kg/mf-s (Ames3, 
AmesB, and Amesl3) and a high flux group with an average 
applied solids flux of 0.00214 kg/m^-s (Ames2, Ames7, and 
Amesl4). 
The data exhibit the typical trend of lower 
permeabilities with increasing suspended solids 
concentration. The low flux data exhibit somewhat greater 
variability than the high flux data at higher solids 
concentrations. However, this variation is expected, given 
the variability in aggregate structure with time during each 
experimental sequence. 
Permeability data from the Marshalltown continuous 
thickening sequences are Illustrated in Figure 49. Data 
from each sequence exhibit variability similar to that shown 
in the Ames sludge results. In contrast to the Ames sludge, 
the Marshalltown sludges exhibited markedly different 
permeabilities when the results of the sequences are 
compared. Displacements between data groups can again be 
explained by examining the differences in aggregate 
properties. As the inter-sequence aggregate diameters 
increase and the aggregate densities decrease, lower solids 
concentrations are obtained at fixed permeability values. 
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This outcome indicates a qualitativly predictable 
relationship between aggregate properties and expected 
permeabilities in continuous thickeners. 
Raking and channeling 
Figures 50 through 53 illustrate the effects of raking 
the compression zone on the solids concentration profiles of 
the Ames and Marshalltown sludges. Two sets of profiles 
were selected for each sludge. These sets are of a single 
sludge sample thickened at different flux rates. Raking 
appears to have a greater effect of reducing the solids 
concentrations in the profiles at higher flux rates. 
The effect of raking is somewhat masked by changes in 
aggregate structure as experiments proceeded with a single 
sludge sample. Based on comparisons of compressibility and 
permeability, as the experiments proceeded and the aggregate 
size became smaller, a greater solids concentration should 
have been achieved at a fixed flux rate. If the results of 
the diatomaceous earth experiments extended to the softening 
sludges, the effect of raking would be greater with smaller 
aggregates. Thus, changes in aggregate size may have a two­
fold effect, one tending to reduce the consequence of the 
other. 
Channeling in the thickening zone of the continuous 
thickener was visually documented to various degrees for 
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both sludges. The photograph in Figure 54 illustrates 
channeling present in the compression zone of experiment 
Narshl4. The width of the channel in Figure 54 is 
approximately 2 millimeters. Similar to all channeling 
observed in this research, this channel was transient in 
nature. Channels would be generated at random, and water 
was observed to be streaming upward through the channel 
toward the surface. 
When the rake was active in the thickener during 
experiments using the Ames and Marshalltown sludges, no 
channels of the type shown in Figure 54 existed. At the 
higher flux rates, the thickening zone appeared to have a 
more porous structure. As with the diatomaceous earth 
experiments, it is presumed that raking destroyed the large 
macro channels, causing egress of water to occur through 
inter-aggregate pore spaces, or eliminating the upward 
movement of water altogether. 
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Figure 54. Photograph of channeling present in the 
compression zone of experiment Marshl4 
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DISCUSSION 
The results presented in the previous section 
demonstrate several correlations between particle/aggregate 
properties and their behavior in continuous thickening. 
These correlations are discussed below, along with 
implications on full-scale gravity thickening of softening 
sludges. 
Effect of Sludge Characteristics on 
Solids Concentration Profiles 
The four major sludge characteristics which delineate 
the suspensions in this study are the calculated aggregate 
size, the calculated aggregate density, the particle size, 
and the particle density. The particle density is perhaps 
the most direct measurement. The particle size is based on 
a measurement in which the size is related to light 
extinction, the results of which are expressed in a 
spherical particle diameter, although the particles examined 
in this study were angular in nature. The aggregate sizes 
are expressed in terms of equivalent spherical aggregates. 
Although these characteristic measures may be viewed as 
approximations of reality, they were used in this study to 
provide relative characterizations of the feed suspensions 
and were not intended to be absolute measures of suspension 
properties. 
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The results of the continuous thickening studies reveal 
a very significant effect of aggregate characteristics on 
the solids concentration profiles obtained in the continuous 
thickener. For the two different diatomaceous earth 
suspensions, there was not much difference in the solids 
concentration profiles and resulting underflow solids 
concentrations at low flux rates. However, as the flux 
rates increased, the smaller, less dense aggregate became 
flux limited in hindered settling, whereas the larger, more 
dense aggregate continued to develop compression zone 
profiles and provided a greater underflow solids 
concentration than the smaller, less dense aggregate. In 
this case, the smaller, less dense aggregate (made up of 
individual particles whose sizes were equal to those in the 
larger, more dense, aggregate) exhibited thickening 
characteristics which were inferior to the larger, more 
dense aggregate. 
The softening sludges exhibited an inverse relationship 
between aggregate diameter and density. Although many 
factors Influence the aggregate formation process, the 
relative particle sizes of the Ames and Marshalltown sludges 
likely influenced the aggregate properties of the respective 
sludges. The smaller sized Ames sludge particles (average 
median particle size ranged from 16 to 19.5 micrometers) 
yielded average aggregate diameters ranging from 317 to 337 
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micrometers and average aggregate densities ranging from 
1.022 to 1.023 g/cm^. The larger-sized Narshalltown sludge 
particles (average median particle size ranged from 24 to 25 
micrometers) produced average aggregate diameters ranging 
from 171 to 295 micrometers and average aggregate densities 
ranging from 1.039 to 1.089 g/cm^. While it is apparent 
that the larger-sized particles of the Marshalltown sludge 
developed smaller, denser aggregates under the ambient 
conditions of these experiments, sludges obtained from other 
treatment facilities may not follow this same trend, since 
many factors, including sludge conditioning with coagulant 
chemicals, can easily change the aggregate properties. 
The effects of aggregate characteristics of the 
softening sludges on their behavior in continuous thickening 
are summarized by the concentration profiles in Figure 55. 
The aggregate diameter, density, and flux rate of each feed 
suspension associated with each profile are detailed in the 
legend. The trend illustrated by Figure 55 is that as 
aggregate densities increase, higher solids concentrations 
can be obtained even at higher solids loadings to the 
thickener. The higher density aggregates were able to 
achieve greater flux rates in spite of their smaller 
aggregate size. 
The aggregate density/size effect on thickening 
behavior has strong implications in clarification and 
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thickening of sludges from the precipitation softening 
process. The particle size distribution of softening 
sludges has been shown to be strongly influenced by sludge 
recycle back to the rapid mix basin where chemical addition 
occurs (Peters et ai., 1989). Adjustments to sludge recycle 
rates and coagulant additions to obtain a compact, dense 
sludge aggregate would optimize the suspension 
characteristics for optimum thickening behavior. 
Effects of Sludge Characteristics on 
Constitutive Relationships 
ççmpreeeibilitY 
The aggregate size/density relationship exhibited by 
the suspensions used in this study had a marked influence on 
the relationship between effective pressure and solids 
concentration. This influence was visible in both the 
sediment height test data and the continuous thickening 
data displayed in Figures 28 through 31 (diatomaceous 
earth) and Figures 42 through 45 (softening sludges). The 
effective pressure versus solids concentration data for Ames 
and Marshalltown softening sludges are displayed together in 
Figure 56. In the case of the diatomaceous earth 
suspensions, higher solids concentrations were achieved with 
the smaller, less dense aggregates at fixed effective 
pressures. The softening sludge data indicates higher 
solids concentrations were obtained with smaller, more dense 
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aggregates at fixed values of effective stress. 
On the basis of effective stress data alone, one cannot 
categorically state that smaller aggregates, or more dense 
aggregates, exhibit better behavior in the thickening 
process. As stated in the Literature Review, if the force 
balance model is assumed to apply to the compression zone of 
the continuous thickener, the flux rate through the 
thickener determines the relative magnitudes of effective 
stress and excess pore water pressure. The higher the flux 
rate with a given sludge, the lower will be the effective 
pressure relative to low flux rates. 
Comparison of the diatomaceous earth sludge behavior 
with the softening sludge behavior illustrates this point. 
As illustrated in Figure 29, the smaller, less dense 
diatomaceous earth aggregates exhibited a higher solids 
concentration at fixed effective pressures. Thus, at low 
flux rates, where comparable effective stresses may have 
existed, the smaller, less dense aggregates exhibited 
greater underflow solids concentrations. However, as flux 
rates were increased, the larger, more dense aggregates 
achieved higher solids concentrations, while the smaller, 
less dense aggregates were thrown into a state of hindered 
settling. Effective stresses were eliminated from the 
system due to the flow characteristics of the suspension. 
Conversely, (compared to the diatomaceous earth 
213 
sludges), the higher density, smaller-sized softening sludge 
aggregates exhibited better thickening characteristics both 
in hindered settling and in the compression zone. One may 
assume that the influence of the smaller aggregate may be 
similar to that of the diatomaceous earth, and be thrown 
into hindered settling at higher flux rates. In this case, 
one may speculate that, if the packing of the aggregates and 
consequent changes in aggregate properties of the separate 
softening sludges are similar in response to the effective 
stress, the greater hindrance to fluid flow afforded by 
smaller aggregates is offset by the increased solids 
concentration per unit volume afforded by the greater 
density aggregates. 
There is a paucity of data in the literature which 
supports the above relationships between aggregate 
characteristics and effective pressure in which the data 
were collected from pilot or prototype continuous 
thickeners. This is easily understandable, because of the 
difficulties experienced in obtaining reliable data. 
The most common compressibility data cited in the 
literature were collected using final sediment height tests. 
Most such data were reported without any corresponding 
aggregate property determinations. Conflicting results were 
experienced by these authors. For example, Steinour (1944) 
demonstrated greater final sediment heights with a high lime 
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dosage flocculated silica than with a low lime dosage 
flocculated silica. He speculated that the high dosage floe 
structure resisted floe collapse, whereas the low dosage 
floes collapsed under the effective weight of the 
suspension. On the other hand, Chakravarti and Dell (1970) 
found that flocculent dosage had relatively little effect on 
the compressibility of a flocculated clay suspension. They 
concluded that, irrespective of the flocculent nature of the 
original suspension, the solids pressure caused the ultimate 
density at the bottom of the column to reach similar values. 
Shin and Dick (1975) presented a plot showing 
relationships between weight of solids per unit area and 
final solids concentration. Although the relationships 
exhibited characteristics similar to those presented in this 
study, they were not correlated to initial aggregate 
properties. 
The results of the sediment height tests in this study 
indicate that the aggregate properties of the suspension do 
cause differences in the response of solids concentration to 
the compressibility. The results of this study extend the 
results found in the literature by comparing sediment height 
test data with data collected from the continuous thickener. 
As stated in the previous analysis of the results, the 
trends demonstrated by the sediment height test data 
qualitatively agree with the trends indicated in the 
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continuous thickening data for both diatomaceous earth and 
softening sludge suspensions. 
The differences in between the sediment height data and 
the continuous data regarding the solids concentrations 
expected at fixed effective stresses may be due to 
experimental artifacts, or it may be due to actual 
differences in aggregate structures. The experimental 
determination of the continuous thickening effective stress 
data was quite erratic, due to possible errors in the data 
collection procedure acknowledged previously. Despite the 
tenuous nature of the data collection and analysis 
procedure, the experimental data show the same delineation 
of solids concentrations as a function of aggregate 
properties as shown by the sediment height tests. 
The differences between the sediment tests and 
continuous results may result form actual differences in 
aggregate structure caused by hydrodynamic differences in 
the experimental methods. As discussed in the Literature 
Review, several authors have developed the compressibility 
function on the basis of batch tests. It is conceivable 
that the initial aggregate properties in these sediment 
tests and the free settling zone of the continuous thickener 
are similar. However, due to the continuous nature of the 
thickening process, the fluid flow conditions in the 
compression zone of the continuous thickener are more likely 
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to be different from those in the static sediment test. 
These differences could cause additional structural 
rearrangement responsible for production of higher solids 
concentrations than that suspected in the batch test under 
similar effective stress ranges. 
Permeability 
The effects of aggregate properties on sludge 
thickening characteristics in the compression zone of the 
continuous thickener were illustrated in Figure 35 for 
diatomaceous earth sludges and Figures 48 and 49 for 
softening sludges. These figures depict the typical trend 
of increasing permeability with increasing consolidation 
indicated by the relationship between permeability and 
solids concentration for each aggregate type. The 
relatively minor differences in the aggregate structure of 
the diatomaceous earth suspensions caused a minor difference 
in the permeability of the suspensions relative to the 
greater permeability differences caused by variations in the 
aggregate properties of the softening sludges. The 
softening sludges exhibited much higher suspended solids 
concentrations at fixed permeability values as the feed 
suspension aggregate diameters decreased and the 
corresponding aggregate densities increased. Corresponding 
to this occurrence, the thickener underflow sludge 
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concentrations of the smaller, more dense aggregates were 
greater, even at larger flux rates, indicating superior 
performance in the continuous thickener. With regard to 
full-scale softening processes, the implication is that the 
optimized process should strive for smaller, high density 
aggregates. 
As discussed in the literature review, permeabilities 
derived from batch and continuous thickening experiments 
have been used to deduce the fate of aggregates in the 
compression zone. By applying a Kozeny-type permeability 
equation to experimental permeability data and assuming that 
the aggregates were the major flow unit in the compression 
zone. Shin and Dick (1975) presented batch test data which 
supported aggregate splitting and aggregate squeezing 
processes in the compression zone. On the basis of data 
collected by allowing water to flow through a bed of 
settled, 200 micrometer aggregates containing particles 2.4 
micrometers in size, Akers (1980) applied a Kozeny-type 
calculation to determine that the primary particles were the 
flow unit of interest. This would Indicate either that the 
aggregates had broken down, or that significant 
Intraaggregate flow occurred. Scott (1968c) also used 
Kozeny-type calculations applied to results of batch tests 
to determine the effective flow unit size. At high solids 
concentrations, which he thought to be in compression, he 
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determined that aggregates were obliterated in the 
compression zone and that the primary particles were the 
flow unit of interest. 
One can use the comparison of permeabilities of the 
separate Marshalltown sludges to examine the survival of 
aggregates under the effective pressures experienced at the 
compression zone depths used in this study. The 
permeabilities of the separate Marshalltown sludges 
thickened in the not-raked continuous thickener are shown in 
Figure 49. Again, the separate groups represent sludges of 
differing aggregate characteristic sizes and densities. 
The separate Marshalltown sludges exhibited a fairly 
constant particle size distribution with a median particle 
size of approximately 24 micrometers. One could speculate 
that, if the aggregates were obliterated, or if significant 
intraaggregate fluid flow occurred, the permeabilities of 
the separate suspensions would converge at some high solids 
concentration. As shown in Figure 49, this convergence did 
not occur, indicating that the aggregate structure is still 
strongly influencing the thickening behavior of the system 
at the compression zone depths used in this study. This is 
not to say that aggregate effects would be destroyed at 
greater compression zone depths. 
It is recognized that the compression zone depths 
utilized in this study were rather shallow (typically 40 to 
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60 cm) but nay be considered similar to that experienced in 
a clarifier at a water softening facility. Thus, the 
implication inherent in the discussion in the previous 
paragraph is that the creation of smaller, higher density 
aggregates would enhance the gravity thickening potential of 
softening sludges. 
To further elucidate the permeability function, the 
superficial velocities of the Ames sludge continuous 
thickening data were plotted in Figure 57 along with the 
corresponding liquid pressure gradients. The data are 
delineated according to applied solids flux rates at which 
the experimental data were collected. The plot contains 
data from experiments Ames3 and Ames8 (average flux = 0.0012 
kg/m^-s) and from Ames2 and Ames? (average flux = 0.0021 
kg/m^-s). The data points were interpolated from individual 
correlations of solids concentration with superficial 
velocity and liquid pressure gradient to obtain values for 
plotting at regular solids concentration intervals. Solids 
concentrations corresponding to each data point are noted 
adjacent to each point. 
Using the conceptual model of Kos (1977a) depicted in 
Figure 8, lines of constant flux and constant solids 
concentration were faired through the data of Figure 57. 
While the difference between the data points at the 
different flux rates is visually apparent, it is recognized 
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that considerable judgement was applied in sketching the 
lines of constant solids concentration. Additional data at 
lower flux rates would provide guidance for the construction 
of constant solids concentration lines near the origin. 
Figure 57 appears to provide experimental justification 
for the conceptual model of Kos (1977a). Interpreted 
freely, the data indicate a nonDarcian behavior at constant 
solids concentration demonstrated by the nonlinear 
relationship between superficial velocity and liquid 
pressure gradient. As further explained in the Literature 
Review, Kos (1977a) believed that channel formation and 
changes in the aggregate structure were responsible for the 
nonDarcian behavior at a given solids concentration. 
Another factor unique to the softening sludge 
continuous thickening experiments conducted in this study 
may contribute to the effect shown in Figure 57. 
Experiments Ames3 and Ames8 (lower flux rate in Figure 57) 
were conducted after experiments Ames2 and Ames7 (higher 
flux rate). Although the higher and lower flux rate 
experiments were completed within 24 hours of each 
experiment, some decrease in aggregate size with 
corresponding increase in aggregate density could 
conceivably have occurred, causing the displacement shown in 
Figure 57. 
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Channeling and Raking in the Compression Zone 
As discussed in the Results and Analysis section, 
channeling was apparent in the compression zone of the 
continuous thickener during experiments with the lower 
density, smaller aggregate size diatomaceous earth 
suspensions but absent during experiments with the higher 
density, larger aggregate size diatomaceous earth 
suspensions. Aggregate properties were shown to impact 
channel formation in the diatomaceous earth suspensions. 
Channels represented an important escape route for water 
from the smaller aggregate sized, lower aggregate density 
suspension, releasing the pore water pressure, and 
increasing the overall permeability of the suspension in the 
compression zone. The relationships between permeability 
and channeling exhibited in this study agree with 
conclusions drawn by Dell and Kaynar (1968). 
Channel formation was evident in the compression zone 
during continuous thickening experiments with both Ames and 
Marshalltown softening sludges. Channeling was observed to 
occur at random locations in the compression zone and was 
present to various degrees in all experiments during which 
the compression zone dominated the profile. Channels were 
not observed during softening sludge experiments in which 
flux-limited hindered settling occurred in the experimental 
column. 
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Channeling phenomena are recognized and reported to 
occur by various authors in the literature. Chakravarti and 
Dell (1970), Dell and Kaynar (1968) and Kos (1977b), and 
others cited in the Literature Review, recognized channeling 
as a major avenue for removal of water from the compression 
zone. Chandler (1983) indicated that flocculation of the 
suspension was a necessary conditions for channel formation. 
Dell and Kaynar (1968) concluded from nonstirred batch 
studies that channel formation was a function of solids 
concentration, occurring when the solids concentration 
increased to a certain value, decreasing as the effective 
pressure increases, and eventually disappearing as flow 
through the channel becomes to small to flush solids from 
the channels. Scott (1968a) agreed that channel formation 
was solids concentration dependent, appearing at some 
"intermediate" concentration. 
As noted in the concentration profiles depicted in 
Figures 21 through 27 (diatomaceous earth) and Figures 50 
through 53 (softening sludges), raking the compression zone 
of the continuous thickener was either deleterious or had no 
effect on the thickening process. This is contrary to the 
results of several authors (Warden, Nov/Dec 1981; Chandler, 
1977; and Comings et ai., 1954) who found that raking 
improved (increased) the underflow solids concentrations 
from continuous thickeners. Ecklund (1976) found that 
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raking had a beneficial effect on underflow solids 
concentrations at low flux rates but little effect at high 
flux rates. Various mechanisms were postulated for improved 
thickening due to raking, including a kneading effect, 
(Warden, Nov/Dec 1981), breakup of floe structure, (Comings, 
1954), and a speculation that raking promoted the formation 
of channels (Chandler, 1977). 
While this author does not dispute the conclusions of 
the authors mentioned above, the deleterious effect of 
raking exhibited in this study correlated with the relative 
appearance of channels in the compression zone. 
Corroborating with the results of Scott (1968a) those 
suspensions exhibiting channeling in the compression zone 
also exhibited a negative impact on consolidation in the 
compression zone when the rake was installed and operated. 
The most notable correlation between raking and the 
destruction of channels occurred with the small aggregate 
sized, lower density diatomaceous earth suspension. As 
stated in the Results and Analysis, this suspension 
channeled heavily in the compression zone, and the 
installation of the rake threw the system into a state of 
hindered settling. On the other hand, at a comparable flux 
loading, the large aggregate size, higher density 
diatomaceous earth suspension exhibited no effect of raking 
on the compression zone profile when compared to the not 
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raked profile, indicated a relationship between aggregate 
properties and the dual impact of channeling and raking. 
Raking was apparently detrimental to the thickening of the 
softening sludges, which channeled in the not-raked mode, 
although the results of the experiments were somewhat 
clouded by changes in the aggregate structure of the 
suspension as the experiments progressed. 
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SUMMARY AND CONCLUSIONS 
Diatomaceous earth slurries flocculated with two 
different dosages of cationic polymer and softening sludges 
obtained from the Ames and Marshalltown precipitation 
softening water treatment facilities were gravity thickened 
in a pilot-scale continuous thickener to: 1) investigate 
the effects of suspension properties on compression zone 
behavior; 2) characterize behavior by examining permeability 
and compressibility relationships; 3) examine effects of 
sludge characteristics on channeling; and 4) determine 
effects of raking on sludge behavioral characteristics. 
Aggregate properties of the feed sludge were determined 
using stirred, batch hindered settling tests. Particle size 
was determined instrumentally using light extinction 
methods. Permeability relationships were determined using 
excess pore water pressure and solids concentration data 
collected during the continuous thickening experiments. 
Compressibility relationships were obtained using batch 
final sediment height test data and calculated effective 
pressure profiles from the continuous thickening data. 
Data collected during batch or continuous thickening of 
the various sludges examined in this study led to the 
following conclusions: 
1. Compression zone behavior is strongly influenced by 
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aggregate diameter and density. In the not-raked continuous 
thickening regime, the higher density, larger-sized 
diatomaceous earth aggregates achieved higher underflow 
solids concentrations over a broad flux range, while the 
smaller-sized, lower density diatomaceous earth aggregates 
achieved higher underflow solids concentrations only at the 
lowest flux range. The Ames and Marshalltown softening 
sludges generally exhibited better thickening 
characteristics (higher underflow solids concentrations) at 
the smaller aggregate sizes associated with higher aggregate 
densities. The smaller aggregate size/higher aggregate 
density suspensions also exhibited higher possible flux 
loading capabilities. 
2. Compressibility and permeability relationships 
derived from the continuous thickening experiments 
qualitatively account for differences in compression zone 
behavior emanating from aggregate characteristics. Relative 
higher compression zone solids concentration profiles were 
supported by increased solids concentrations at fixed values 
of effective pressure and permeability. The smaller-sized 
aggregate, lower aggregate density diatomaceous earth 
suspension achieved higher solids concentrations at fixed 
values of effective pressure and permeability. The smaller-
sized aggregate, greater aggregate density softening sludges 
exhibited higher solids concentrations at fixed values of 
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effective pressure and permeability. 
3. Aggregate characteristics influence channel 
formation in the compression zone. The relative need for 
channeling in the compression zone to enhance thickening 
behavior is also related to aggregate characteristics. The 
occurrence of channeling and its relative importance to 
achieve high underflow solids concentration in the 
continuous thickener was greater with the smaller aggregate 
size, lower aggregate density diatomaceous earth slurry. 
Permeability comparisons showed that channeling enhanced the 
thickening behavior of this suspension. Except for 
continuous thickening experiments exhibiting flux limiting 
conditions, channeling occurred in the compression zone of 
the continuous thickener while thickening both the Ames and 
Marshalltown sludges. 
4. Raking the compression zone has either a 
deleterious or little effect on the compression zone 
profile. Raking the compression zone of the continuous 
thickener had a negative impact on suspensions which 
exhibited channeling in the compression zone during not-
raked continuous thickening experiments. The beneficial 
impact of raking experienced by other investigators was not 
experienced in this research. 
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RECOMMENDATIONS FOR FUTURE STUDY 
The following are recommended as elements of future 
studies regarding effects of aggregate characteristics on 
the behavior of sludges in continuous thickening: 
1. Pilot-scale studies for continuous thickening of 
softening sludges should be conducted at the location of the 
sludge source using fresh, nonrecycled sludges. The 
deterioration of aggregate properties during successive 
tests could be avoided by utilizing nonrecycled sludge. 
Similar studies could also be conducted with a single use 
surrogate suspension, such as a flocculated clay. 
2. If a softening sludge with consistent aggregate 
properties is obtained, additional studies of the 
permeability relationship could be conducted to determine 
whether nonDarcian behavior influenced by channeling truly 
exists. 
3. Other experimental methods for obtaining effective 
pressure data should be attempted. Erratic effective 
pressure measurement was a significant hindrance to progress 
in this study. Possible methods may include using micro-
transducers to obtain total pressures at various depths 
and/or applying meniscus corrections to the piezometers used 
for liquid pressure measurements. 
4. In order to extend the data collected in this study 
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on softening sludges, the effect of manipulating aggregate 
properties by chemical coagulants on the behavior of the 
sludge in the compression zone should be studied. 
5. Similitude studies should be conducted to compare 
raking utilized in this study with picket rakes used in 
prototype gravity thickeners. 
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APPENDIX A: EXPERIMENTAL DATA AND CALCULATED RESULTS FOR 
CONTINUOUS THICKENING EXPERIMENTS USING 
DIATOMACEOUS EARTH 
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Swpgrtinq aerivatione anfl eample calcwlatione for 
manipvlatign of continwouB thickening data in 
Appendices A-g 
Sample calculations are presented for port number 15 of 
Table A-1. 
Column 1. Port number; the sample ports (threaded hose 
barbs with septum caps) were numbered from top to bottom - 1 
« top port, 15 •> bottom port, overflow = overflow port, and 
interface <• location of interface between compression zone 
and overlying zone. 
Column 2. Height, centimeters; distance of port or 
interface above bottom port. 
Column 3. Concentration, grams per liter; solids 
concentration at associated height taken from estimated 
best-fit concentration profile of height versus measured 
solids concentration from Column 4. 
Column 4. Measured concentration, grams per liter; solids 
concentration of sludge sample collected from associated 
port at steady state condition in the continuous thickener. 
Column 5. Corrected manometer reading, mm; manometer 
reading from port located at the same height as the 
associated sampling port taken from estimated best-fit 
profile of height versus measured manometer readings from 
Column 6. 
Column 6. Measured manometer reading, mm; manometer 
reading from port located at the same height as the 
associated sampling port. The datum for the reading is the 
manometer reading of the liquid level at the overflow, and 
thus is a measure of excess pore water pressure at the port. 
Therefore, the value in Column 6 is equal to hg in the 
sketch below. For experiments in which the inclined board 
is used, the manometer reading shown represents the vertical 
component of the experimental manometer reading. 
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*0 
Xi 
dx 
X 
0 SOLIDS CONCENTRATION 
Figure A-1. Pictorial definition of terms used for 
derivation of effective pressure equation 
(after Shin and Dick, 1975) 
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Column 7. Superficial velocity, mm/s. Calculation based on 
Equation 7 in Literature Review: 
(v^-v,)n = a, 
in which (v,-vg)n = superficial velocity (mm/s). G» = 
underflow flux rate, (Kg/m'-s), Ci = solids concentration at 
the height of Interest, (g/L, equivalent to Kg/m^), and C„ = 
underflow solids concentration, (g/L, equivalent to Kg/mf). 
For Port 15; 
0.006697—^ % 1000— | — î—-—| = 0.0059mm/S 
m^-s m \YlAKg/m^ 2Q5.2Kg/m^) 
Columns 8 through 11. Values calculated in these columns 
are elements of a force balance conducted at the depth (x) 
of each port below the compression zone interface. The 
force balance is based on Equation 6 of the Literature 
Review, which states that, at any depth in the compression 
zone, the sum of the effective pressure (support of the 
solids matrix) and the liquid pressure (pore water pressure) 
is equal to the weight of the overlying suspension. The 
pore water pressure is equal to the static pore water 
pressure plus the excess pore water pressure. 
The following equations are presented which express the 
above force balance in the context of the sketch on the 
previous page (after Shin and Dick, 1975). 
weight of overlying suspension - effective pressure + liquid 
pressure 
j Yfl (*) ck+ [Xg-Xj] Yv = P, (*) + {XQ-X\ Yy+Yw^e 
X 
in which = suspension unit weight, = liquid unit 
weight, [Xq-X^] = depth to compression zone interface from 
the liquid surface, pg(x) = effective pressure at x, [xg-x] 
= depth to X from the liquid surface, and hg(x) = manometer 
reading at x. 
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The suspension density can be calculated as follows: 
Y.(x) = +Yy 
in which 7- = solids particle unit weight, and c(x) is the 
solids concentration at x. 
Substituting the above equation into the previous equation, 
one obtains: 
1—^jc(x) 1*0-*il Yv • P«(*) + Yw+Ywh«(*) 
which is equivalent to: 
1—^)c(x) dx+ [x^-x] Y„+ [Xg-Xj] Yw = Pa(*) + [XQ-X] Yfc,+Yv^e(*) 
Yp/ 
When simplified and solved for effective pressure, the above 
equation becomes: 
Pgix) = |l—^jyc(x)dx-Y»^.(*) 
This equation states that the effective pressure is equal to 
the cumulative buoyant pressure of the solids above a 
specified depth, x, in the compression zone minus the excess 
pore water pressure at that point. 
The cumulative buoyant pressure in the calculations was 
determined by dividing the compression zone into segments 
delineated by the port locations, calculating the 
incremental buoyant pressure of each segment based on the 
average concentration of the segment, and adding the 
increments together. 
Thus, for Port 15: 
Column 8. Incremental buoyant pressure, N/m^; 
(5.08cm-0cm)/— \ 100cm}\ 2 ) 
X (1—2.iiiiS^^i^)(9.806jn/s2) = 4,1.21N/m^ 
\ 2.21g/cm^ } 
/(( 
I 
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Column 9. Cumulative buoyant pressure, N/mf; This Is 
simply the value reported in Column 9 for the previous port 
added to the value in Column 8 for the port of interest. 
432.60 N/m^+Al .21 N/m^ = 479.87 N/m^ 
Column 10. Excess pore pressure, N/m^; This value is 
calculated by converting the manometer reading in Column 5 
to appropriate units. 
Column 11. Effective stress (pressure), N/mf; From the 
previous derivation, this value is obtained by subtracting 
Column 10 values from Column 9 values. 
479.869-^-459.813-— = 20.056-— 
Column 12. Liquid pressure gradient, dp/dx, Kg/mf-s^; This 
value is used in calculating permeability (Column 13) and is 
estimated by averaging the gradients between the port of 
interest and the two adjacent ports. Since Port 15 has only 
one adjacent port. Port 14, the gradient between these two 
ports is assumed to be the gradient at Port 15. 
^459. -415.78ZN/m^ ] (100cm/III) = 866 .63kg/m^-s^ 
\ S.OBcm-Ocm ) 
Column 13. Permeability, k, m^; Calculation based on 
Equation 20 in the Literature Review: 
ÉBL 
dx 
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For Port 15, the superficial velocity is obtained from 
Column 7 and the liquid pressure gradient is obtained from 
Column 12. 
0. 00095127-^/o. 0059 — 1 
m-g\ g A lOOOimJ 0.0064%10-W 
866.627 f y ,  
m^ -s' 
Table A-1. E)q)erimental data and calculated results for continuous 
thickening e^qieriment S515 
RUN #: S515 DATE: 8/11-12/86 TIME: 2:45 
P/DE: 5.0*10-4 q/g 
TEMP. C; 22.3 VISOOSnY, Kg/m-s: 0.00095127 
DENSITÏ, I%An^3: 997.681 
MASS BALANCE CAiaJlATICNS 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/min g/1 Kg/in2-s*1000 Balance 
Overflow 396 0.060 0.026 
Underflow 30 205.30 6.697 
Influent 426 14.23 6.591 6.66 2.0 
Measured Oor. Mano. Meas.Mano. Simerfic 
art # Hei^it, an Cone, g/1 Gone, g/1 Rdng., mm Rdng., mm Vel mn/s 
OVER 110.8 0 0.06 0 
1 96.5 0 0.06 0 
2 86.4 0 0.064 0 
3 76.2 2 0.22 0 3.3159 
4 66.04 2 1.92 0 3.3159 
INT 59.7 2 1.92 0 0 3.3159 
5 55.88 85.5 85.5 1.2 1.3 0.0457 
6 45.72 144.2 144.2 7.7 7.7 0.0138 
7 40.64 151.2 153.8 11.5 11.5 0.0117 
8 35.56 156 156 15.7 15.7 0.0103 
9 30.48 159.7 159.7 20.1 19.9 0.0093 
10 25.4 163.3 163.3 24.6 24.3 0.0084 
11 20.32 166.2 170.4 29.1 29.4 0.0077 
12 15.24 168.4 165.9 33.7 33.7 0.0071 
13 10.16 170.3 167.6 38.2 38.3 0.0067 
14 5.08 172 169.7 42.5 42.9 0.0063 
15 0 174 176.7 47 47 0.0059 
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Incr. Buoy. Cum. Buoy Ewsess Pore Eff. Strs àp/âx k 
Pres.N/n^2 Pres.N/in^2 Eres.,N/n''2 N/ta^2 Rg/^2-s^2 in'^2*10'^9 
0.000 0.000 0.000 
1.093 1.093 0.000 
0.682 1.775 0.000 
8.990 10.765 11.740 -0.975 466.612 0.0932 
68.446 79.212 75.331 3.880 678.858 0.0194 
40.361 119.572 112.507 7.065 770.335 0.0144 
41.973 161.546 153.597 7.948 828.110 0.0118 
43.135 204.680 196.643 8.037 856.998 0.0103 
44.132 248.812 240.668 8.144 866.627 0.0092 
45.020 293.832 284.693 9.139 876.256 0.0083 
45.717 339.549 329.696 9.853 876.256 0.0078 
46.277 385.826 373.720 12.105 847.369 0.0075 
46.769 432.595 415.788 16.806 847.369 0.0071 
47.274 479.869 459.813 20.056 866.627 0.0064 
Table A-2. E}^)eriinenbal data and calculated results for continucus 
thickening e)^)erjment S515R 
PUN #: S515R DATE: 8/12-13/86 TIME: 2:30 
P/DE: 5.0*10-4 g/g 
TEMP. C: 22.8 VISŒGITy, Rg/m-S: 0.00094043 
DENSm, Kg/ta^3: 997.563 
MASS BALANCE CAICUIATIŒS 
Flew Kate SS Gone. Flux Ave Flux % Error in 
ml/min g/1 Fig/m2-s*1000 Balance 
Overflew 405 0.082 0.036 
Underflow 31 203.30 6.853 
Influent 436 14.72 6.979 6.93 1.3 
Measured Cor. Mano. Meas.Mano. Simerfic 
Port # Hei^t, cm Cone, g/1 Cone, g/1 Rdng., mm Bdng., mm Vel mn/s 
OVER 110.8 0 0.082 0 
1 96.5 0 0.085 0 
2 86.4 0 0.092 0 
3 76.2 3.1 0.356 0 2.1769 
4 66.04 3.1 3.1 0 0 2.1769 
INT 56.8 3.1 3.1 0 0 2.1769 
5 55.88 76.6 76.6 0 0 0.0558 
6 45.72 144.2 144.2 6.1 6.1 0.0138 
7 40.64 151.2 150.9 10.2 10.2 0.0116 
8 35.56 156.5 150.9 14.9 14.9 0.0101 
9 30.48 161.1 159.2 19 19 0.0088 
10 25.4 165 161.8 24 24 0.0078 
11 20.32 168.7 165.1 28.9 28.9 0.0069 
12 15.24 172.1 176.1 33.4 33.4 0.0061 
13 10.16 175.2 181.4 38.3 38.3 0.0054 
14 5.08 178 173.4 43.2 43.2 0.0048 
15 0 180.1 180.1 48.4 48.4 0.0043 
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Incr. Buoy. Cum. Buoy Excess Pore Eff. Strs àp/dx k 
Pres.N/ta^2 Pres.N/in^2 Pres.,N/^2 N/m^2 I%Air2-s^2 nr2*10^9 
0.000 0.000 0.000 
1.694 1.694 0.000 
1.541 3.235 0.000 
1.972 5.208 0.000 5.208 587.311 0.0893 
66.129 71.337 59.671 11.666 688.406 0.0189 
40.365 111.702 99.777 11.924 847.269 0.0129 
42.046 153.747 145.753 7.994 847.269 0.0112 
43.398 197.146 185.860 11.286 876.153 0.0095 
44.560 241.705 234.770 6.935 953.177 0.0077 
45.598 287.304 282.703 4.601 905.037 0.0072 
46.568 333.872 326.722 7.150 905.037 0.0063 
47.457 381.329 374.655 6.674 943.549 0.0054 
48.263 429.592 422.587 7.005 972.433 0.0046 
48.932 478.524 473.454 5.070 1001.318 0.0041 
Table A-3. Experimental data and calculated results for continuous 
thickaiing ejqperiment S530 
FUN #: S530 DATE: 5/30/86 TIME: 6:00 
P/EE: 5.0*10-4 g/g MANOMETER BOARD C.F.: 0.1794 
TEMP. C: 21.3 Visaasm, Kfcj/m-s: 0.00097364 
DENSnY, K^^3: 997.909 
MASS BAIANŒ CALCUIATIONS 
Flow Rate SS Oonc. Flux Ave Flux % Error in 
ml/min g/1 K^in2-s*1000 Balance 
Overflow 405 0.052 0.023 
iwerflow 57 214.80 13.313 
Influent 462 26.80 13.463 13.40 0.9 
Measured Oor. Mano. Meas.Mano. Simerfic 
art # Hei^t, cm Oonc. g/1 Oonc. g/1 Bdng., mm Rdng., mm Vel m\/s 
OVER 110.8 0 0.052 
1 96.5 0 
2 86.4 0 0.132 
3 76.2 6.1 6.08 2.1205 
INT 70.4 10 0 0 1.2693 
4 66.04 108.9 108.9 9 9 0.0603 
5 55.88 154 154 46 46 0.0245 
6 45.72 173.5 178.4 93 105 0.0148 
7 40.64 179 180 120 125 0.0124 
8 35.56 183 189.8 148 148 0.0108 
9 30.48 186.2 182.2 176 168 0.0095 
10 25.4 188.6 185 203 205 0.0086 
11 20.32 191 194.2 231 235 0.0077 
12 15.24 192.6 193.8 261 268 0.0071 
13 10.16 194.2 192.7 292 292 0.0066 
14 5.08 195.5 194.1 322 320 0.0061 
15 0 196.4 196.4 354 356 0.0058 
Incr. Buoy. cum. Buoy Exaeas Pare Eff. Strs dp/dx 
Pres.N/m^2 Pres.N/in^2 Pres.,N/tR^2 N/^2 I%W2-s^2 
k 
m'^2*10^9 
0.000 
2.511 
19.070 
73.187 
89.477 
48.153 
49.451 
50.435 
51.200 
51.856 
52.402 
52.839 
53.235 
53.536 
0.000 
2.511 
21.581 
94.769 
184.245 
232.399 
281.850 
332.285 
383.485 
435.340 
487.742 
540.581 
593.816 
647.352 
0.000 
0.000 
15.800 
80.754 
163.263 
210.662 
259.817 
308.971 
356.370 
405.525 
458.190 
512.611 
565.277 
621.453 
5.782 
14.015 
20.982 
21.737 
22.034 
23.314 
27.115 
29.816 
29.552 
27.970 
28.540 
25.899 
639.312 
725.706 
872.575 
950.329 
967.608 
950.329 
950.329 
1002.165 
1054.002 
1054.002 
1071.280 
1105.838 
0.0918 
0.0328 
0.0165 
0.0127 
0.0108 
0.0098 
0.0088 
0.0075 
0.0066 
0.0061 
0.0056 
0.0051 
Table A-4. Experimental data and calculated results for continuous 
thickening e)q)eriment S530R 
RUN #: S530R DATE: 5/31/86 TIME: 5:30 
P/DE: 5.0*10-4 g/g MANCMEEER BOARD C.F. : 0.1794 
TEMP. C: 23.9 VISOOSm, K^/m-s: 0.00091733 
DENSITY, Kg^^3 : 997.295 
MASS BAIANCE GAIOJIATIONS 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/min g/1 Kg/ni2-s*1000 Balance 
Overflow 405 0.062 0.027 
Underflow 71 182.70 14.105 
Influent 476 28.56 14.782 14.46 4.5 
Measured Cor. Mano. Meas.Mano. St^erfic 
Port # Hei0it, cm Gone, g/1 Gone, g/1 Rdng., ram Rdng., ram Vel ranv/s 
OVER 110.8 0 0.062 
1 96.5 0 
2 86.4 0 0.108 
3 76.2 2.64 2.64 5.2655 
INT 72.7 10 0 0 1.3333 
4 66.04 124.5 124.5 15 15 0.0361 
5 55.88 140 137.2 52 54 0.0235 
6 45.72 149 148.6 99 101 0.0175 
7 40.64 152 151.6 120 120 0.0156 
8 35.56 154.4 154.4 142 142 0.0142 
9 30.48 156 154 166 167 0.0132 
10 25.4 157.5 154.4 190 195 0.0124 
11 20.32 158.5 158.8 216 210 0.0118 
12 15.24 159.8 159.7 240 246 0.0111 
13 10.16 161 160.7 265 269 0.0104 
14 5.08 165 165 291 292 0.0083 
15 0 173 173 318 318 0.0043 
251 
Inor. Buoy. , Cum. Buoy Excess Pore Eff. Strs (^/dx k 
Eres.N/^2 Pres.N/in''2 Pres.,Ny^2 N/%^2 I%/!nr2-S^2 in^2*10^9 
0.000 0.000 0.000 
1.190 1.190 0.000 
33.650 34.840 26.317 8.524 638.919 0.0518 
72.301 107.141 91.231 15.911 725.259 0.0298 
78.998 186.140 173.689 12.450 768.430 0.0208 
41.139 227.279 210.532 16.746 742.528 0.0193 
41.877 269.156 249.130 20.026 794.332 0.0163 
42.424 311.580 291.237 20.343 828.868 0.0146 
42.848 354.427 333.343 21.084 863.404 0.0131 
43.189 397.617 378.958 18.658 863.404 0.0125 
43.504 441.120 421.065 20.055 846.136 0.0120 
43.845 484.965 464.926 20.040 880.672 0.0108 
44.556 529.521 510.541 18.980 915.208 0.0083 
46.196 575.718 557.911 17.806 932.476 0.0043 
Table A-5. E)g)erimental data and calculated results for continuous 
thickening ejqjeriment T530 
RJN #: T530 DATE: 4/1/86 TIME; 9:30 
P/CE: 5.0*10-4 g/g MftNCMETER BQftRD C.F. : 0.1707 
TEMP. C: 23.8 VISOOSm, Kg/m-s: 0.00091939 
rawsm, 997.320 
MASS BAIANCE CAICUlAnCNS 
Flow Bate SS Ccna. Flux Ave Flux % Error in 
ml/min g/1 Kg/in2-s*1000 Balance 
Overflow 396 0.006 0.003 
Underflow 60 201.80 13.166 
Influent 456 27.13 13.452 13.31 2.1 
Measured Oor. Mano. Meas.Mano. Svmerfic 
Port # Hei^t, cm Gone, g/1 Gone, g/1 Bdng., ma Bdng., mm Vel my's 
Over 186.7 0 0.006 
1 172.7 0 0.012 
2 162.6 0 0.024 
3 152.4 4.5 0.76 2.8604 
4 142.2 4.6 4.58 2.7968 
5 132.1 4.8 4.6 1 3 2.6776 
6 121.9 4.8 2 4 2.6776 
7 111.8 4.8 3.9 3 3 2.6776 
8 96.5 4.8 5 5 2.6776 
9 86.4 4.8 4.8 6 7 2.6776 
10 76.2 5 5 8 8 2.5679 
INT 75.5 5 9 2.5679 
11 66.04 116 111.4 24 28 0.0483 
12 55.88 148.9 151.4 72 85 0.0232 
13 45.72 162.6 161.1 122 115 0.0157 
14 40.64 168 167 146 146 0.0131 
15 35.56 172.5 173.7 171 173 0.0111 
16 30.48 176.5 176.9 195 197 0.0094 
17 25.4 179 177.5 220 220 0.0083 
18 20.32 181 182.5 244 260 0.0075 
19 15.24 182.2 184.5 268 280 0.0070 
20 10.16 183.4 179.5 293 305 0.0065 
21 5.08 184.3 181.5 317 331 0.0062 
22 0 185 185 341 0.0059 
253 
Incr. Buoy. Cum. Buoy Excess Pore Ef£. Strs <^/cbc k 
Pres.N/ta^2 Pres.N/m'^2 Pres. ,N/^2 N/^'^2 Kg/m^2-s^2 m^2*10^9 
0.000 0.000 0.000 
2.497 2.497 0.000 
2.554 5.051 1.669 
2.634 7.686 3.339 
2.609 10.295 5.008 
3.952 14.246 8.347 
2.609 16.855 10.016 
2.689 19.544 13.355 
0.188 19.732 15.025 
43.896 63.628 40.066 23. 563 788. 692 0.0563 
74.794 138.422 120.197 18. 226 805. 123 0.0265 
85.147 223.569 203.666 19. ,902 805. 123 0.0180 
45.184 268.753 243.732 25. ,021 805. 123 0.0150 
46.537 315.289 285.467 29. ,822 805. 123 0.0127 
47.699 362.988 325.533 37, 455 805. 123 0.0107 
48.587 411.575 367.267 44. 307 805. 123 0.0095 
49.202 460.777 407.333 53. 444 788. 692 0.0087 
49.639 510.416 447.399 63. 018 805. 123 0.0080 
49.967 560.383 489.133 71. 250 805. 123 0.0075 
50.254 610.638 529.199 81. 439 788. 692 0.0072 
50.473 661.111 569.265 91. 846 788. 692 0.0069 
Table A-6. Ebqieriimental data and calculated results for oontiimous 
thickening e)^)eriment T530R 
RUN #: T530R DATE: 4/2/86 TIME: 9:00 
P/DE: 5.0*10-4 g/g MANOMETER BOARD C.F. : 0.1816 
TEMP. C: 23.5 VrSOOSlTY, 1%/m-S: 0.00092562 
DENSITÏ, I%/!nr3: 997.394 
MASS BAIANŒ CALCUIAIiatS 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/min g/1 Kg/in2-s*1000 Balance 
Overflow 385 0.052 0.022 
Underflow 63 205.93 14.107 
Influent 448 27.66 13.474 13.80 4.7 
Measured Oor. Mano. Meas.Mano. Si%)erfic 
Port # Hei^t, an Cone, g/1 Cone, g/1 Rdng., mm Rdng., ram Vel m/s 
Over 186.7 0 0.052 
1 172.7 0 
2 162.6 0 0.032 
3 152.4 4.5 0.768 3.0663 
4 142.2 4.5 4.5 2 2 3.0663 
5 132.1 4.7 4.72 4 4 2.9329 
6 121.9 4.8 6 6 2.8704 
7 111.8 4.9 4.9 7 6 2.8104 
8 96.5 4.9 10 10 2.8104 
9 86.4 5 4.92 12 11 2.7529 
10 76.2 5 11.42 13 13 2.7529 
INT 76 5 13 2.7529 
11 66.04 116 116.94 28 28 0.0531 
12 55.88 128 130.4 70 70 0.0417 
13 45.72 139 137.3 113 111 0.0330 
14 40.64 144 143.4 135 135 0.0295 
15 35.56 149 149.3 158 159 0.0262 
16 30.48 154 153.4 180 182 0.0231 
17 25.4 159 158.7 203 203 0.0202 
18 20.32 164.6 161.3 230 230 0.0172 
19 15.24 169.7 165.6 257 261 0.0146 
20 10.16 175 175.2 283 283 0.0121 
21 5.08 180 179.6 310 310 0.0099 
22 0 185 184.6 336 346 0.0078 
255 
Incr. Buoy. Cum. Bucy Excess Pore Eff. Stxs àp/àx. k 
Eres.N/ni^2 Pres.N/in^2 Pres. ,N/to^2 N/ta^2 I%/nr2-s^2 mr2*10^9 
0.000 0.000 0.000 
2.470 2.470 3.552 
2.500 4.969 7.105 
2.607 7.576 10.657 
2.636 10.212 12.433 
4.034 14.246 17.761 
2.690 16.936 21.314 
2.744 19.680 23.090 
0.054 19.733 23.090 
47.982 67.715 49.732 17.983 734.226 0.0670 
66.692 134.407 124.329 10.078 742.967 0.0520 
72.978 207.385 200.703 6.683 760.449 0.0401 
38.676 246.061 239.777 6.284 786.671 0.0347 
40.042 286.104 280.628 5.475 786.671 0.0308 
41.409 327.513 319.703 7.810 786.671 0.0272 
42.776 370.288 360.554 9.734 874.079 0.0214 
44.224 414.513 408.510 6.003 944.005 0.0169 
45.687 460.199 456.465 3.734 926.524 0.0146 
47.108 507.307 502.644 4.663 926.524 0.0121 
48.516 555.823 550.600 5.223 926.524 0.0099 
49.882 605.705 596.779 8.926 909.042 0.0079 
Table A-7. E)q)eriinental data and calculated results for continuous 
thickening euqjeriment T545 
HUN #: T545 DATE: 4/5/86 TIME; 5:00 
P/DE: 5.0*10-4 g/g MANOMETER BOARD C.F.: 0.1816 
TEMP. C: 22.4 VISœSITJf, Kg/lR-S: 0.00094909 
DENSITY, 997.657 
MASS BAIANCE CAICUIATimS 
Flow Rate SS Omc. Flux Ave Flux % Error in 
ml/min g/1 I%/m2-s*1000 Balance 
Overflow 350 0.074 0.028 
lAlderflow 102 186.30 20.662 
Influent 452 39.48 19.404 20.05 6.4 
Measured Oor. Mano. Meas.Mano. Simerfic 
art # Height, an Gone, g/1 Gone, g/1 Rdng., itsn Rdng., ram Vel rany/s 
Over 186.7 0 0.074 
1 172.7 0 0.032 
2 162.6 0 4.72 
3 152.4 10 10.1 1.9553 
4 142.2 10 9.74 3 2 1.9553 
5 132.1 10 9.32 6 7 1.9553 
6 121.9 10.3 9 9 1.8952 
7 111.8 10.7 10.66 12 12 1.8202 
8 96.5 10.7 16 15 1.8202 
9 86.4 10.8 10.82 19 20 1.8023 
INT 83.3 10.8 24 1.8023 
10 76.2 60 59.98 28 28 0.2335 
11 66.04 110.3 110.3 45 45 0.0764 
12 55.88 132 132.8 80 80 0.0456 
13 45.72 148 148.7 126 127 0.0287 
14 40.64 156 147 150 145 0.0215 
15 35.56 161 166.9 174 173 0.0174 
16 30.48 167 162.4 200 200 0.0128 
17 25.4 171 163.9 224 223 0.0099 
18 20.32 175 177.6 249 249 0.0072 
19 15.24 178 169.4 276 277 0.0052 
20 10.16 181 185.6 300 300 0.0032 
21 5.08 184 174.5 325 326 0.0014 
22 0 186 189.3 349 349 0.0002 
257 
Incr. Buoy. Cum. Buoy Excess Pore Eff. Strs dp/dx k 
Pres.N/m^2 Pi:es.N/m^2 Pres. |N/m^2 N/m^2 I%/nr2-s^2 5^2*10^9 
0.000 0.000 0.000 
5.487 5.487 5.330 
5.433 10.920 10.660 
5.569 16.489 15.989 
5.705 22.194 21.319 
8.806 31.000 28.426 
5.841 36.841 33.755 
1.801 38.642 42.638 
13.520 52.162 49.745 2.417 297.265 0.7454 
46.538 98.700 79.947 18.753 454.641 0.1595 
66.213 164.913 142.128 22.785 708.191 0.0611 
76.515 241.428 223.851 17.576 821.851 0.0331 
41.537 282.964 266.490 16.475 839.338 0.0244 
43.313 326.277 309.128 17.149 874.310 0.0189 
44.816 371.093 355.320 15.774 874.310 0.0139 
46.182 417.275 397.958 19.317 856.824 0.0110 
47.275 464.551 442.373 22.178 909.282 0.0075 
48.232 512.783 490.341 22.442 891.796 0.0055 
49.052 561.834 532.979 28.855 856.824 0.0036 
49.871 611.706 577.394 34.311 856.824 0.0015 
50.555 662.260 620.033 42.227 839.338 0.0002 
Table A-8. Experimental data and calculated results for continuous 
thickening ej^^eriment TS45R 
HUN #: T545R DATE: 4/4/86 TIME: 8:00 
P/DB: 5.0*10-4 g/g MANCMETER BOARD C.F. : 0.1816 
TEMP. C: 23.8 VISCJOSm, 1%/m-S: 0.00091939 
DBNSnY, K^^3: 997.320 
MASS BAIANŒ CAICUIATIŒS 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/min g/1 K^m2-s*1000 Balance 
Overflow 355 0.014 0.005 
Underflow 112 163.40 19.899 
Influent 467 40.29 20.459 20.18 2.7 
Measured Cor. Mano. Meas.Mano. Superfic 
art # Ifei^t, an Gone, g/1 Gone, g/1 Rdng., mm Rdng., ram Vel ram^s 
Over 186.7 0 0.014 
1 172.7 0 
2 162.6 0 0.012 
3 152.4 9 2.48 2.0893 
4 142.2 9 8.96 3 4 2.0893 
5 132.1 9.3 9.32 6 5 2.0179 
6 121.9 9.4 9 10 1.9952 
7 111.8 9.5 9.54 12 9 1.9729 
8 96.5 9.8 16 14 1.9088 
9 86.4 10.1 10.12 20 20 1.8484 
INT 76.3 10.2 24 1.8291 
10 76.2 37 37 24 24 0.4160 
11 66.04 90.2 90.22 35 35 0.0988 
12 55.88 105 105 64 65 0.0677 
13 45.72 117.5 116.5 100 100 0.0476 
14 40.64 123.8 120.7 116 112 0.0390 
15 35.56 127.5 127.6 134 137 0.0343 
16 30.48 131.7 132.7 154 161 0.0293 
17 25.4 135.5 133.4 173 178 0.0251 
18 20.32 139.1 139.1 194 192 0.0213 
19 15.24 142.8 147.1 216 214 0.0176 
20 10.16 146 145.6 239 248 0.0145 
21 5.08 149.3 146.5 262 263 0.0115 
22 0 152.4 152.4 288 294 0.0088 
Incr. Buoy. Cum. Buoy Ebmess Pore Eff. Strs dp/dx 
Pres.N/m^2 Pres.N/in^2 Pres.,N/^2 N/m^2 Kg[/m^2-s^2 
k 
in^2*10^9 
0.000 0.000 0.000 
4.940 4.940 5.328 
4.973 9.912 10.656 
5.132 15.044 15.984 
5.136 20.180 21.312 
7.944 28.124 28.416 
5.407 33.531 35.520 
5.516 39.048 42.624 
0.127 39.175 42.624 -3.449 192.283 1.9893 
38.859 78.034 62.160 15.874 349.606 0.2599 
53.357 131.391 113.664 17.727 568.109 0.1096 
60.819 192.210 177.600 14.610 594.330 0.0736 
32.979 225.189 206.016 19.173 594.330 0.0603 
34.346 259.534 237.984 21.551 664.251 0.0475 
35.425 294.960 273.503 21.456 681.731 0.0395 
36.519 331.479 307.247 24.231 699.211 0.0330 
37.530 369.009 344.543 24.465 751.652 0.0260 
38.528 407.537 383.615 23.921 786.613 0.0205 
39.471 447.007 424.463 22.544 804.093 0.0166 
40.359 487.367 465.311 22.056 856.534 0.0123 
41.234 528.601 511.487 17.114 908.975 0.0089 
Table A-9. Eigieriimental data and calculated results for continuous 
thickening e^geriment T560 
BUN #: T560 DATE: 4/8/86 TIME: 6:30 
P/DE: 5.0*10-4 g/g MANOMETER BOARD C.F. : 0.1816 
TEMP. C: 22.2 VISOOSITÏ, I%An-S: 0.00095347 
DENSm, %^^3: 997.704 
MASS BALANCE CAICUIATIONS 
Flew Rate SS Gone. Flux Ave Flux % Error in 
ml/ïnin g/1 Kg/in2-s*1000 Balance 
Overflow 342 0.016 0.006 
IWerflow 132 179.50 25.764 
Influent 474 47.30 24.379 25.07 5.5 
Measured Oor. Mano. Meas.Mano. Simerfic 
3rt # Hei^it, an Gone, g/1 Cone, g/1 Rdng., mn Rdng., mm Vel my^s 
Over 186.7 0 0.016 
1 172.7 0 
2 162.6 0 0.016 
3 152.4 16 7.76 0 1 1.4667 
4 142.2 16.1 16 4 6 1.4567 
5 132.1 16.2 16.22 8 11 1.4468 
6 121.9 19 11 17 1.2124 
7 111.8 22.8 22.84 15 16 0.9865 
8 96.5 52.7 52.72 26 26 0.3453 
9 86.4 58.7 58.68 39 42 0.2954 
10 76.2 62 55 55 0.2720 
11 66.04 62.8 62.8 72 79 0.2667 
12 55.88 64 64.12 93 89 0.2590 
13 45.72 64.4 64.42 117 110 0.2565 
14 40.64 66.4 66.04 132 132 0.2445 
15 35.56 111 111.1 148 145 0.0886 
16 30.48 130.5 133.4 166 166 0.0539 
17 25.4 143 139.7 186 186 0.0366 
18 20.32 150 147.7 205 205 0.0282 
19 15.24 154 154.2 230 230 0.0238 
20 10.16 158 158.4 252 253 0.0195 
21 5.08 160 159.5 280 280 0.0175 
22 0 161 161.3 310 310 0.0165 
Incr. Buoy. Cum. Buoy EbKsess Pore Eff. Stxs dp/âx. 
Pres.Ny^2 Pres.N/ln'^2 Pres.,N/^2 M/m^2 Kg/!m^2-s^2 
k 
m^2*10'^9 
0.000 
8.806 
8.774 
9.657 
11.355 
31.068 
30.261 
33.112 
34.103 
34.649 
35.086 
17.871 
24.238 
32.996 
37.368 
40.032 
41.535 
42.628 
43.448 
43.858 
0.000 
8.806 
17.580 
27.237 
38.591 
69.660 
99.921 
133.033 
167.135 
201.784 
236.871 
254.742 
278.980 
311.975 
349.343 
389.376 
430.911 
473.539 
516.987 
560.845 
0.000 
7.107 
14.213 
19.543 
26.650 
46.194 
69.291 
97.717 
127.921 
165.231 
207.872 
234.522 
262.949 
294.929 
330.463 
364.220 
408.637 
447.724 
497.471 
550.771 
0.000 
1.699 
3.367 
7.693 
11.941 
23.466 
30.630 
35.315 
39.214 
36.553 
28.999 
20.220 
16.031 
17.046 
18.881 
25.156 
22.274 
25.815 
19.516 
10.073 
178.208 
253.688 
287.987 
332.253 
393.458 
472.150 
542.098 
594.559 
664.507 
681.994 
769.429 
821.890 
874.351 
1014.247 
1049.221 
1.8477 
1.1101 
0.9006 
0.7654 
0.6277 
0.5180 
0.4300 
0.1420 
0.0773 
0.0512 
0.0350 
0.0276 
0.0213 
0.0164 
0.0150 
Table A-10. ExperJjnental data and calculated results for continuous 
thickening eiqieriment T560R 
RUN #; T560R DATE: 4/10/86 TIME; 6:30 
P/DE: 5.0*10-4 g/g MANCMETER BOARD C.F.: 0.1816 
TEMP. C: 21 Visoosmr, Kg/m-s: 0.00098053 
DENSITY, ¥ig/m^3: 997.975 
MASS BALANCE CALCUIATIŒS 
Flew Rate SS Gone. FltK Ave Flux % Error in 
ml/min g/1 I%/in2-s*1000 Balance 
Overflow 312 0.054 0.018 
Underflow 175 141.00 26.830 
Influent 487 49.57 26.249 26.55 2.3 
Measured Oor. Mano. Meas.Mano. Siperfic 
Port # Hëi^t, can Cone, g/1 Gone, g/1 Rdng., mm Rdng., ram Vel ran/s 
Over 186.7 0 0.054 
1 172.7 0 
2 162.6 0 0.06 
3 152.4 11.6 11.56 0 0 2.1227 
4 142.2 19.5 19.48 5 5 1.1856 
5 132.1 20.6 20.6 10 11 1.1122 
6 121.9 28 17 18 0.7679 
7 111.8 40.8 40.8 26 28 0.4673 
8 96.5 59 56.56 46 46 0.2645 
9 86.4 71.8 71.84 67 66 0.1834 
10 76.2 83.5 92 87 0.1310 
11 66.04 92.9 92.9 119 127 0.0985 
12 55.88 96.7 96.74 147 154 0.0872 
13 45.72 96.9 96.94 175 176 0.0866 
14 40.64 97.5 97.48 188 192 0.0849 
15 35.56 98.6 98.62 202 205 0.0818 
16 30.48 100.6 100.56 216 214 0.0764 
17 25.4 102.5 102.52 230 231 0.0715 
18 20.32 106.2 106.2 245 241 0.0624 
19 15.24 111 111 260 259 0.0514 
20 10.16 111.7 111.7 274 271 0.0499 
21 5.08 118.5 118.5 289 300 0.0361 
22 0 124.6 124.6 306 309 0.0250 
Inez-. Buoy. Cum. Buoy Ebœess Bore Eff. Strs dp/âx 
Pres.N/^2 Pres.N/^^2 Pres. N/%^2 ¥ig/m'^2-s'^2 
k 
IB^2*10^9 
0.000 
8.530 
10.890 
13.330 
18.685 
41.059 
35.523 
42.594 
48.192 
51.798 
52.891 
26.555 
26.787 
27.210 
27.743 
28.508 
29.669 
30.420 
31.445 
33.207 
0.000 
8.530 
19.420 
32.750 
51.435 
92.493 
128.016 
170.611 
218.803 
270.601 
323.492 
350.046 
376.833 
404.043 
431.787 
460.295 
489.964 
520.384 
551.829 
585.036 
0.000 
8.886 
17.772 
30.212 
46.206 
81.750 
119.070 
163.499 
211.482 
261.243 
311.004 
334.107 
358.987 
383.867 
408.748 
435.405 
462.063 
486.943 
513.600 
543.812 
0.000 
-0.356 
1.649 
2.538 
5.229 
10.744 
8.946 
7.112 
7.320 
9.358 
12.488 
15.939 
17.846 
20.176 
23.039 
24.890 
27.901 
33.441 
38.229 
41.224 
300.909 
402.544 
453.929 
481.024 
489.770 
472.278 
472.278 
489.770 
489.770 
507.261 
524.753 
507.261 
507.261 
559.737 
594.720 
0.8618 
0.4467 
0.2831 
0.2008 
0.1745 
0.1798 
0.1763 
0.1638 
0.1530 
0.1382 
0.1165 
0.0994 
0.0965 
0.0633 
0.0413 
Table A-11. Ejqperimefital data and calculated results for continuous 
thickening ejqieriment S62515 
HUN #: S62515 DATE: 6/13/86 TIME: 5:15 
P/Eë: 6.25*10-5 g/g MANCMETER BOARD C.F. : 0.1838 
TEMP. C: 22.3 VISOOSrrï, 1%/m-S: 0.00095127 
DOfâlTÏ, I%^ 3: 997.681 
MASS BAIANŒ CAIOJIATIONS 
Flow Rate SS done. Flux Ave Flux % Error in 
ml/min g/1 KgAn2-s*1000 Balance 
Overflow 418 0.202 0.092 
Underflow 27 239.70 7.037 
Influent 445 14.90 7.210 7.17 1.1 
Measured Oor. Mano. Meas.Mano. Svmerfic 
Port # Heic^t, an Gone, g/1 Gone, g/1 Rctng., mm Rdng., mm Vel mnv/s 
OVER 110.8 0 0.202 
1 96.5 0 
2 86.4 0 0.392 
3 76.2 6.1 4.68 1.1243 
4 66.04 6.1 6.06 0 0 1.1243 
5 55.88 6.7 6.68 5 5 1.0210 
INT 53.3 6.7 6 1.0210 
6 45.72 151.2 151.2 28 28 0.0172 
7 40.64 169 168 55 55 0.0123 
8 35.56 184.8 184.8 82 81 0.0087 
9 30.48 194.4 198.9 111 103 0.0068 
10 25.4 201.5 203 139 139 0.0056 
11 20.32 206.8 197.8 169 167 0.0047 
12 15.24 210.7 210.7 197 195 0.0040 
13 10.16 213.3 202.9 227 227 0.0036 
14 5.08 215.5 219.3 255 250 0.0033 
15 0 216.3 216.3 285 285 0.0032 
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Inez-. Buoy. cum. Buoy Excess Pore Eff. Strs dp/âx k 
Pres.N/m^2 Pres.N/m^2 Pres.,N/br2 N/m^2 %/m^2-s^2 nr2*10^9 
0.000 0.000 0.000 
3.334 3.334 0.000 
8.628 11.962 8.991 
0.930 12.891 10.789 
47.478 60.370 50.349 10.021 738.805 0.0221 
43.749 104.119 98.899 5.220 955.716 0.0122 
48.340 152.459 147.449 5.010 991.113 0.0084 
51.811 204.270 199.596 4.674 1008.812 0.0065 
54.092 258.362 249.945 8.417 1026.510 0.0052 
55.787 314.149 303.890 10.259 1026.510 0.0043 
57.044 371.192 354.238 16.954 1026.510 0.0037 
57.932 429.124 408.183 20.941 1026.510 0.0034 
58.588 487.711 458.532 29.180 1026.510 0.0031 
58.997 546.709 512.476 34.232 1061.907 0.0028 
Table A-12. E)q)erjmental data and calculated results for continuous 
thickening ejqperiinent S62515B 
PUN #: S62515B DATE: 9/24-25/86 TIME: 4:00 
P/DE: 6.25*10-5 g/g 
TEMP. C: 21.9 VISCXDSnY, %^m-S: 0.00096011 
DENSITÏ, K^mr3: 997.773 
MASS BAIANŒ CMOOTIONS 
Flow Rate SS Ocmc. Flux Ave Flux % Error in 
ml/min g/1 Kg^-s*1000 Balance 
Overflow 410 0.166 0.074 
mderflcw 26 225.30 6.247 
Influent 436 14.24 6.743 6.53 6.5 
Measured Oor. Mano. Meas.Mano. Sqperfic 
k)rt # Hei^t, can Cone, g/1 Cone, g/1 Rdng.f ram Rdng., ram Vel ran/s 
OVER 110.8 0.2 0.2 
1 96.5 0.2 0.2 
2 86.4 0.3 0.3 
3 76.2 5.5 5.5 1.1081 
4 66.04 5.9 5.9 0.5 1.0311 
INT 56.2 5.9 5.9 0.4 0.5 1.0311 
5 55.88 50.6 50.6 0.5 0.5 0.0957 
6 45.72 162.3 162.3 7.1 7 0.0108 
7 40.64 175 177.9 11.5 12.3 0.0080 
8 35.56 184 176.5 16.5 17.4 0.0062 
9 30.48 191.7 191.7 21.8 21.9 0.0049 
10 25.4 197.5 195.1 26.8 27.1 0.0039 
11 20.32 203 198 32.5 32.3 0.0030 
12 15.24 207 211 37.6 37.6 0.0025 
13 10.16 210 207.3 43 43.9 0.0020 
14 5.08 213.2 212.2 48.5 49.1 0.0016 
15 0 215.5 215.5 54 54 0.0013 
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Incr. Buoy. Cum. Buoy Exœss Pore Eff. Stxs dp/ôx k 
Pres.N/ra^2 Pres.^/m^2 Pres. ,N/m^2 N/m^2 I%/nr2-s^2 in''2*W9 
0.000 0.000 0.000 
3.115 3.115 0.000 
3.123 6.238 3.914 
0.486 6.724 4.892 1.832 470.670 0.1953 
74.553 81.277 69.468 11.809 741.516 0.0139 
46.082 127.359 112.518 14.841 905.228 0.0085 
49.047 176.406 161.439 14.967 991.899 0.0060 
51.328 227.734 213.295 14.440 991.899 0.0047 
53.173 280.907 262.216 18.692 1030.419 0.0036 
54.717 335.624 317.985 17.639 1040.049 0.0028 
56.015 391.639 367.885 23.754 1011.159 0.0023 
56.971 448.609 420.719 27.890 1049.679 0.0018 
57.818 506.427 474.532 31.895 1059.309 0.0014 
58.569 564.997 528.345 36.652 1059.309 0.0011 
Table A-13. E)q)erjmental data and calculated results for continuous 
thickening experiment S62515R 
FUN #: S62515R DATE: 6/12/86 TIME; 3:15 
P/DE: 6.25*10-5 g/g MANOMETER BOARD C.F. : 0.1827 
TEMP. C: 22.8 VISOOSnY, Kg/m-s: 0.00094043 
DENSny, Kg/br3: 997.563 
MASS BAIANCE CADOUIATICNS 
Flow Rate SS Crane. Flux Ave Flux % Error in 
ml/min g/1 %/m2-s*1000 Bcdanoe 
Overflow 418 0.238 0.108 
Underflow 41 153.20 6.830 
Influent 459 14.71 7.342 7.14 5.7 
Measured Cor. Mano. Msas.Mano. Stperfic 
Port # Heicgit, cm Cone, g/1 Cone, g/1 Rdng., irni Rdng., mm Vel my's 
OVER 110.8 0 0.238 
1 96.5 0 
2 86.4 0.4 0.432 
3 76.2 6 5.84 1.0937 
4 66.04 6 12.78 0 0 1.0937 
INT 65.4 6 0 1.0937 
5 55.88 116.6 115.3 25 25 0.0140 
6 45.72 116.6 117.7 59 59 0.0140 
7 40.64 116.6 115.9 77 73 0.0140 
8 35.56 116.6 118.1 94 94 0.0140 
9 30.48 116.6 118.1 112 111 0.0140 
10 25.4 116.6 116.2 128 128 0.0140 
11 20.32 116.6 116.5 146 147 0.0140 
12 15.24 116.6 115.7 163 166 0.0140 
13 10.16 116.6 115.9 180 180 0.0140 
14 5.08 116.6 115.8 198 191 0.0140 
15 0 116.6 117.2 215 215 0.0140 
269 
Incr. Buoy. cum. Buoy Excess Pore Eff. Stxs dp/dx k 
Eres.N/m^2 Eres.N/^^2 Pres. ,N/m^2 N/m^2 ¥ig/TC^2s^2 nr2*10^9 
0.000 
3.279 
5.337 
48.865 
63.731 
31.866 
31.866 
31.866 
31.866 
31.866 
31.866 
31.866 
31.866 
31.866 
0.000 
3.279 
8.616 
57.481 
121.212 
153.077 
184.943 
216.808 
248.674 
280.539 
312.405 
344.270 
376.136 
408.002 
0.000 
0.000 
0.000 
44.680 
105.444 
137.614 
167.996 
200.165 
228.760 
260.930 
291.312 
321.694 
353.864 
384.246 
12.801 
15.768 
15.464 
16.947 
16.643 
19.914 
19.610 
21.093 
22.576 
22.272 
23.756 
533.700 
615.666 
615.666 
615.666 
598.075 
598.075 
615.666 
598.075 
615.666 
615.666 
598.075 
0.0247 
0.0214 
0.0214 
0.0214 
0.0220 
0.0220 
0.0214 
0.0220 
0.0214 
0.0214 
0.0220 
Table A-14. E:q)erimental data and calculated results for oontinucus 
thickening ejqjeriment S62515RB 
RUN #: S62515RB DATE: 9/25-26/86 TIME: 12:30 
P/EE: 6.25*10-5 g/g 
TEMP, c: 22.6 Visoosm, Kg/to-s: 0.00094474 
DEKSm, 997.610 
MASS BAIANŒ C3UXUIATI0NS 
Flew Bate SS Ocmc. Flux Ave Flux % Error in 
ml^nin g/1 I%/^-s*1000 Balance 
Overflow 373 0.218 0.088 
Uhderflow 38 164.40 6.703 
Influent 411 14.67 6.548 6.67 3.7 
Measured Cor. Mano. Meas.Mano. Simerfic 
art # Hei^t, can Gone, g/1 Gone, g/1 Pdng., mm Rdng., mm Vel mn%/s 
OVER 110.8 0.2 0.2 
1 96.5 0.2 0.2 
2 86.4 0.3 0.4 
3 76.2 4.9 4.9 1.3273 
4 66.04 6.9 6.9 0.4 0.9307 
INT 63.3 7 7 0.55 0 0.9169 
5 55.88 121.1 121.1 3.9 3.9 0.0146 
6 45.72 122.5 122.9 10.5 10.8 0.0139 
7 40.64 122.5 123.4 13.8 14.8 0.0139 
8 35.56 122.5 122.4 17.5 17.7 0.0139 
9 30.48 122.5 123.2 20.9 21 0.0139 
10 25.4 122.5 123.2 24.2 24.2 0.0139 
11 20.32 122.5 122.6 27.7 27.8 0.0139 
12 15.24 122.5 120.6 31.1 31 0.0139 
13 10.16 122.5 119.4 34.6 34.7 0.0139 
14 5.08 122.5 121.1 38 37.7 0.0139 
15 0 122.5 120.6 41.4 41.4 0.0139 
Incar. Buoy. Cum. Buoy Excess Pore Eff. Stcs (3p/dx 
Pres.N/in^2 Pres.N/m'^2 Pres. ,N/in^2 N/m^2 I%Air2-s^2 
k 
nr2*10^9 
0.000 0.000 0.000 
3.225 3.225 3.913 
1.024 4.249 5.380 
41.672 45.921 38.152 7.769 538.574 0.0256 
66.571 112.492 102.717 9.775 635.482 0.0207 
33.477 145.968 134.999 10.969 673.996 0.0195 
33.477 179.445 171.195 8.250 683.624 0.0193 
33.477 212.921 204.456 8.466 645.110 0.0204 
33.477 246.398 236.738 9.660 654.739 0.0201 
33.477 279.875 270.977 8.898 664.367 0.0198 
33.477 313.351 304.238 9.113 664.367 0.0198 
33.477 346.828 338.477 8.351 664.367 0.0198 
33.477 380.305 371.738 8.567 654.739 0.0201 
33.477 413.781 404.998 8.783 654.739 0.0201 
Table A-15. E)^)erimental data and calculated results for continuous 
thickening e}^)eriment S62520 
HUN #: S62520 DATE: 6/10/86 TIME: 7:45 
P/DE: 6.25*10-5 g/g MANOMETER BOARD C.F.: 0.1816 
TEMP. C: 23.4 Visœsrrï, ¥!g/ms: 0.00092771 
DENSITY, Ki/lll^3: 997.418 
MASS BAIANCE GALCUIATIOMS 
Flow Bate SS done. Flux Ave Flux % Error in 
ml/min g/1 Kg/in2-s*1000 Balanoe 
Overflow 411 0.242 0.108 
Underflow 38 220.00 9.090 
Influent 449 18.32 8.944 9.07 2.8 
Measured Oor. Mano. Meas.Mano. Simerfic 
art # Hei^t, an Cone, g/1 Gone, g/1 Rdng.f mm Rdng., mm Vel m/s 
OVER 110.8 0 0.24 0 
1 96.5 0 0 
2 86.4 1.92 1.9 0 
3 76.2 8.2 8.2 0 1.0672 
4 66.04 15.4 15.4 9 9 0.5490 
INT 65.4 15.4 9 0.5490 
5 55.88 118 115.7 39 39 0.0357 
6 45.72 118 118.2 68 68 0.0357 
7 40.64 118 116.5 87 88 0.0357 
8 35.56 118 119.9 107 109 0.0357 
9 30.48 118 119.8 127 127 0.0357 
10 25.4 118 116.7 146 146 0.0357 
11 20.32 118 116.8 166 167 0.0357 
12 15.24 118 117.3 186 188 0.0357 
13 10.16 118 115.5 206 206 0.0357 
14 5.08 156.5 156.5 230 231 0.0168 
15 0 192.2 192.2 261 263 0.0060 
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Incr. Buoy. Cum. Buoy E)K%ss Bore Eff. Strs àp/àx. k 
Pres.N/m^2 Pres.N/^2 Pres.,N/m^2 N/m^2 Kg/m^2-s^2 mr2*10'^9 
0.000 
6.450 
0.530 
48.864 
64.504 
32.252 
32.252 
32.252 
32.252 
32.252 
32.252 
32.252 
37.513 
47.654 
0.000 
6.450 
6.981 
55.845 
120.349 
152.601 
184.853 
217.105 
249.357 
281.609 
313.861 
346.113 
383.626 
431.280 
0.000 
15.986 
15.986 
69.271 
120.780 
154.527 
190.050 
225.574 
259.321 
294.845 
330.368 
365.891 
408.520 
463.581 
-13.426 
-0.431 
-1.926 
-5.197 
-8.469 
-9.964 
-13.236 
-16.507 
-19.779 
-24.893 
-32.301 
533.348 
585.647 
681.798 
699.280 
681.798 
681.798 
699.280 
699.280 
769.208 
961.510 
1083.884 
0.0621 
0.0566 
0.0486 
0.0474 
0.0486 
0.0486 
0.0474 
0.0474 
0.0431 
0.0162 
0.0051 
Table A-16. Experimental data and calculated results for continuous 
thickening e}q>eriment S62520R 
BUN #: S62520R DATE: 6/11/86 TIME: 2:15 
P/DE: 6.25*10-5 g/g MANCMEPER BOARD C.F. : 0.1816 
TEMP. C: 22.4 VISOOSITÏ, 1%/m-S: 0.00094909 
DENSrm, Kg/ta^3: 997.657 
MASS BALANCE CAICUIATIWS 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/^ndn g/1 %/in2-s*1000 Balance 
Overflow 407 0.256 0.113 
Underflow 59 147.60 9.469 
Influent 466 19.42 9.840 9.71 2.7 
Measured Oor. Mano. Meas.Mano. Svperfic 
Port # Hei^t, am Gone, g/1 Oonc. g/1 Rdng., ram Rdng., mm Vel ran^s 
OVER 110.8 0 0.256 0 
1 96.5 0 0 
2 86.4 0.5 0.572 0 
3 76.2 12.7 12.72 0 0 0.6814 
INT 69.7 12.7 2 0.6814 
4 66.04 86.3 86.26 3 3 0.0456 
5 55.88 115.5 117.9 39 39 0.0178 
6 45.72 115.5 115.4 74 74 0.0178 
7 40.64 115.5 116.2 93 90 0.0178 
8 35.56 115.5 114.3 110 115 0.0178 
9 30.48 115.5 116.4 130 136 0.0178 
10 25.4 115.5 114.1 149 149 0.0178 
11 20.32 115.5 113.5 167 162 0.0178 
12 15.24 115.5 115.3 186 189 0.0178 
13 10.16 115.5 115.1 204 206 0.0178 
14 5.08 115.5 115.4 224 224 0.0178 
15 0 115.5 113.5 242 251 0.0178 
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Incr. Buoy. cum. Buoy Eiœess Pore Eff. Strs àp/àx. k 
Pres.N/m^2 Pres.N/iir2 Pres. ,N/ir^2 N/ta^2 Kg/in^2-s'^2 in^2*10'^9 
0.000 0.000 0.000 
4.441 4.441 3.553 
13.841 18.281 5.330 12.951 339.022 0.1276 
55.145 73.427 69.287 4.139 620.760 0.0273 
63.125 136.552 131.468 5.083 638.246 0.0265 
31.562 168.114 165.224 2.890 629.503 0.0269 
31.562 199.677 195.426 4.251 646.989 0.0262 
31.562 231.239 230.958 0.281 681.962 0.0248 
31.562 262.801 264.713 -1.912 646.989 0.0262 
31.562 294.364 296.692 -2.328 646.989 0.0262 
31.562 325.926 330.447 -4.521 646.989 0.0262 
31.562 357.489 362.426 -4.937 664.476 0.0255 
31.562 389.051 397.958 -8.907 664.476 0.0255 
31.562 420.614 429.937 -9.323 629.503 0.0269 
Table A-17. E>9)erimental data and calculated results for continuous 
thickening experiment T62530 
RUN #: T62530 DATE: 4/19/86 TIME: 9:30 pn 
P/DE: 6.25*10-5 g/g MANOMETER BOARD C.F.: 0.1816 
TEMP. C: 22.7 VISCOSITÏ, 0.00094258 
DEWSITÏ, Kg/m^3: 997.587 
MASS BAIANCE CADCUIATIONS 
Flow Rate SS done. Flux Ave Flux % Error in 
ml/min g/1 K^in2-s*1000 Balance 
Overflow 350 0.236 0.090 
Underflow 111 107.80 13.011 
Influent 461 27.84 13.955 13.53 6.3 
Measured Cor. Mano. Meas.Mano. Siçjerfic 
art # Hei^t, cm Gone, g/1 Gone, g/1 Rdng., mm Rdng., mm Vel m^s 
Over 186.7 0 0.236 
1 172.7 0 
2 162.6 0 0.692 
3 152.4 18.8 18.78 1 1 0.5714 
4 142.2 18.9 18.94 4 5 0.5677 
5 132.1 19.7 19.68 7 7 0.5398 
6 121.9 21.2 15 15 0.4930 
7 111.8 23 22.98 22 22 0.4450 
INT 110.8 23.2 24 0.4401 
8 96.5 57.2 57.22 40 40 0.1068 
9 86.4 59.4 59.44 56 56 0.0983 
10 76.2 61.5 61.52 72 73 0.0909 
11 66.04 62.6 62.6 89 89 0.0871 
12 55.88 63.5 63.1 106 111 0.0842 
13 45.72 64.5 63.6 126 128 0.0810 
14 40.64 65.1 136 0.0792 
15 35.56 65.6 65.9 145 136 0.0776 
16 30.48 66 65.9 155 150 0.0764 
17 25.4 66.5 66.22 164 170 0.0750 
18 20.32 66.9 66.44 174 172 0.0738 
19 15.24 67.4 67.68 184 180 0.0723 
20 10.16 67.6 67.4 195 197 0.0718 
21 5.08 68.1 67.8 205 201 0.0704 
22 0 68.6 68.62 216 217 0.0690 
Incr. Buoy. Cum. Buoy E»%ss Pore Eff. Strs âp/àx 
Pres.N/^2 Eres.N/m'^2 Pres.,N/iR^2 N/ta'^2 Kg/m^2-s^2 
k 
m^2*10^9 
0.000 0.000 1.776 
10.343 10.343 7.106 
10.486 20.830 12.435 
11.221 32.051 26.647 
12.008 44.059 39.082 
13.256 45.308 42.635 
33.005 77.064 71.059 6.006 281.421 0. ,3576 
31.677 108.741 99.482 9.259 278.662 0. ,3327 
33.170 141.911 127.906 14.005 297.244 0. 2881 
33.915 175.826 158.106 17.720 297.244 0. 2764 
34.461 210.287 188.306 21.981 323.472 0. 2454 
34.980 245.267 223.835 21.432 349.699 0. 2184 
17.709 262.976 241.600 21.376 332.214 0. 2246 
17.859 280.835 257.588 23.247 332.214 0. 2203 
17.982 298.817 275.353 23.464 332.214 0. 2169 
18.105 316.922 291.341 25.581 332.214 0. 2127 
18.228 335.150 309.106 26.044 349.699 0. 1989 
18.351 353.501 326.871 26.630 367.184 0. 1857 
18.447 371.948 346.412 25.536 367.184 0. 1843 
18.542 390.490 364.177 26.313 367.184 0. 1806 
18.679 409.169 383.718 25.451 384.669 0. 1690 
Table A-18. E)^)erimental and calculated results for continuous 
thickening e)q}erjjnent T62530R 
RUN #: T62530R DATE: 4/18/86 TIME: 9:00 pm 
P/I^: 6.25*10-5 g/g MANOMETER BOARD C.F.: 0.1816 
TEMP, c: 22.5 Visœsmr, Kg/m-s: 0.00094691 
DENSITY, Ka/m^3: 997.634 
MASS BALANCE CAICUIATIŒS 
SS Cone. Flux Ave Flux % Error in 
g/1 Kig/ni2-s*1000 Balance 
0.232 0.092 
101.30 13.769 
27.23 14.479 14.17 4.4 
Flow Rate 
rol/min 
Overflow 364 
lAiderflow 125 
Influent 489 
Measured Cor. Mano. Meas.Mano. Swerfic 
Port # Height, can Gone, g/1 Gone, g/1 Râng., mm Rdng., mm Vel m/s 
Over 186.7 0.2 0.232 
1 172.7 0.3 
2 162.6 0.4 0.436 
3 152.4 16.3 16.32 0.7088 
4 142.2 17.9 17.9 0.6333 
5 132.1 19.3 19.32 9 9 0.5775 
6 121.9 22 16 18 0.4899 
7 111.8 25.6 25.62 24 26 0.4019 
8 96.5 38.9 38.94 38 39 0.2180 
9 86.4 52.5 52.5 51 39 0.1263 
10 76.2 60 60 65 65 0.0936 
11 66.04 62.5 62.5 81 81 0.0844 
12 55.88 64.6 64.58 99 99 0.0772 
13 45.72 66 65.96 118 118 0.0727 
14 40.64 67 127 0.0696 
15 35.56 67.7 68.1 138 132 0.0675 
16 30.48 68.5 69.1 148 149 0.0651 
17 25.4 69.2 69.24 158 161 0.0630 
18 20.32 70 69.96 169 163 0.0608 
19 15.24 70.5 69.86 179 180 0.0594 
20 10.16 71 71.72 190 184 0.0580 
21 5.08 71.5 71.42 201 202 0.0566 
22 0 72.5 72.46 213 214 0.0540 
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Incr. Buoy. Cum. Buoy Etœess Pore Eff. Strs àp/dx k 
Pres.N/in^2 Pries.N/in^2 Pres.,N/m^2 N/m^2 Kg/m^2-s^2 m^2*10'^9 
0.000 
9.383 
10.106 
11.331 
12.931 
26.543 
24.830 
30.864 
33.476 
34.733 
35.689 
18.173 
18.405 
18.610 
18.815 
19.020 
19.197 
19.334 
19.471 
19.676 
0.000 
9.761 
19.867 
31.197 
44.128 
70.671 
95.501 
126.365 
159.841 
194.574 
230.264 
248.436 
266.841 
285.451 
304.266 
323.286 
342.483 
361.818 
381.288 
400.964 
0.000 
0.000 
15.989 
28.425 
42.637 
67.509 
90.604 
115.476 
143.901 
175.879 
209.634 
225.623 
245.165 
262.930 
280.696 
300.238 
318.004 
337.546 
357.088 
378.406 
3.878 
2.772 
1.491 
3.162 
4.897 
10.889 
15.940 
18.695 
20.630 
22.814 
21.677 
22.521 
23.570 
23.048 
24.480 
24.272 
24.200 
22.557 
228.666 
243.841 
279.773 
314.744 
323.487 
323.487 
349.716 
367.202 
349.716 
367.202 
367.202 
367.202 
384.687 
402.173 
419.659 
0.9029 
0.4906 
0.3167 
0.2539 
0.2260 
0.2128 
0.1884 
0.1740 
0.1762 
0.1626 
0.1567 
0.1531 
0.1428 
0.1334 
0.1218 
280 
APPENDIX B: EXPERIMENTAL DATA AND CALCULATED RESULTS FOR 
CONTINUOUS THICKENING EXPERIMENTS USING AMES 
WATER TREATMENT PLANT SLUDGE 
Table B-1. Experimental data and calculated results for continuous 
thickening experiment Amesl 
RUN #: Amesl DATE: 5/31-6/1/87 TIME: 12:00 noon 
TEMP. C: 20.1 Visoosm, Vlg/WrB: 0.00100176 
CeiSnY, Kg/m"3: 998.168 
MASS BAIANŒ CALCUIATICNS 
Flow Rate SS Ocnc. Flux Ave Flux % Error in 
mL/tain g/1 Kg/m2-s*1000 Balance 
Overflow 52 0.050 0.003 
Underflow 67 29.52 2.151 
Influent 119 17.63 2.281 2.22 5.8 
Measured Oor. Mano. Meas.Mano. Superfic 
srt # Hei^t, cm Oonc. g/1 Oonc. g/1 Rdng., mn Rdng., mn Vel m/s 
OVER 110.8 0 0.05 0 
1 96.5 0 0.05 0 
INT 92 0 0 
2 86.4 12.94 12.94 0 0 0.0933 
3 76.2 14.5 14.46 0.3 0 0.0755 
4 66.04 15.2 14.98 0.8 0.8 0.0686 
5 55.88 15.8 15.68 1.6 1.6 0.0633 
6 45.72 16.1 16.18 2.6 2.3 0.0607 
7 40.64 16.2 3.1 3.3 0.0599 
8 35.56 16.3 15.82 3.7 4 0.0591 
9 30.48 16.38 4.3 4.1 0.0584 
10 25.4 16.4 15.8 5 4.8 0.0583 
11 20.32 16.42 5.7 5.9 0.0581 
12 15.24 16.5 16.32 6.5 6.5 0.0575 
13 10.16 16.5 7.3 7.4 0.0575 
14 5.08 16.8 16.82 8.1 8.1 0.0552 
15 0 17 9 9 0.0537 
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Incr. Buoy. Cum. Buoy Excess Bore Eff. Strs àp/àx k 
Pres.N/ta"2 Eres.N/ta"2 Eres.,N/ta"2 N/ta*2 Kg/ta"2-s"2 in*2*10"9 
2.162 2.162 
8.351 10.513 
9.004 19.517 
9.398 28.915 
9.671 38.585 
4.896 43.481 
4.926 48.407 
4.953 53.361 
4.969 58.330 
4.975 63.304 
4.990 68.294 
5.002 73.296 
5.047 78.344 
5.123 83.467 
0.000 2.162 
2.936 7.577 
7.830 11.687 
15.661 13.254 
25.449 13.136 
30.343 13.138 
36.216 12.192 
42.089 11.272 
48.940 9.389 
55.792 7.512 
63.622 4.672 
71.453 1.843 
79.283 -0.940 
88.092 -4.625 
14.394 6.4964 
38.479 1.9647 
62.620 1.0980 
86.705 0.7309 
96.339 0.6314 
105.973 0.5662 
115.607 0.5120 
125.241 0.4675 
134.875 0.4329 
144.508 0.4029 
154.142 0.3736 
154.142 0.3736 
163.776 0.3374 
173.410 0.3099 
Table B-2. E)^)erjimental data and calculated results for ccmtinuous 
thickening experiment Ames2 
RUN #: Ames2 DATE: 6/1-6/2/87 TIME: 1:00 am 
TEMP. C: 24.2 vrsoosm, Kg/m-s: 0.00091120 
DENSnY, Kg/m^3: 997.219 
MASS BALANCE CALCULATIŒS 
Flow Rate SS Cone. Flux Ave Flux % Error in 
ml/min g/1 Kg/in2-s*1000 Balance 
Overflow 68 0.026 0.002 
Uhderflcw 38 50.76 2.097 
Influent 106 16.88 1.946 2.02 7.6 
Measured Car. Mâno. Meas.Mano. SL$)erfic 
Port # Hei0it, cm Cone, g/1 Cone, g/1 Rcbig., mm Rdng., mm Vel mm/s 
OVER 110.8 0 0.026 0 
1 96.5 0 0.026 0 
2 86.4 1.5 1.46 0 0 1.3569 
3 76.2 1.5 1.5 0.1 0.1 1.3569 
4 66.04 1.5 1.53 0.5 0.5 1.3569 
INT 61.2 1.5 0.65 1.3569 
5 55.88 16.1 16.06 0.8 0.8 0.0890 
6 45.72 25.5 22.88 2.2 2.2 0.0409 
7 40.64 29.1 27.98 3.1 3.2 0.0308 
8 35.56 32 33.08 3.9 3.8 0.0242 
9 30.48 34.6 34.8 4.9 5.1 0.0193 
10 25.4 36.8 36.4 6 6 0.0157 
11 20.32 39 41.5 7.4 8.4 0.0125 
12 15.24 41 40.94 8.8 9.7 0.0098 
13 10.16 43 42.2 10.3 10.6 0.0075 
14 5.08 44.7 43.54 11.9 12 0.0056 
15 0 46.1 46.06 13.6 13.7 0.0042 
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Incr. Buoy. Cum. Buoy Eteoess Pore Eff. Strs o^/dx k 
Pres.N/m'^2 Pres.N/m^Z Pres. ,N/m'"2 N/m''2 Kg/m'^2-s^2 nr2*icr9 
0.452 0.452 0.000 
0.916 1.368 0.978 
0.912 2.280 4.889 
0.435 1.803 6.356 
3.773 6.054 7.823 -1.769 81.810 0.9907 
12.650 18.704 21.513 -2.809 153.996 0.2422 
8.302 27.006 30.314 -3.308 163.621 0.1713 
9.290 36.297 38.137 -1.841 173.245 0.1274 
10.126 46.423 47.916 -1.493 202.119 0.0870 
10.856 57.279 58.672 -1.393 240.618 0.0594 
11.525 68.805 72.363 -3.558 269.493 0.0421 
12.164 80.969 86.053 -5.084 279.117 0.0321 
12.772 93.741 100.721 —6.980 298.367 0.0228 
13.335 107.075 116.367 -9.292 317.616 0.0161 
13.806 120.881 132.991 -12.109 327.241 0.0116 
Table 5-3. E)q)erimental data and calculated results for oonbinuous 
thickening exqierdmenk Ames3 
BUN #: Ames3 CME: 6/2/87 TIME: 12:00 noon 
TEMP. C: 24 VISOOSm, 1%/h-S: 0.00091528 
EŒNSITÏ, Kg/ta"3: 997.270 
MASS BAIANŒ CADGUIATIGNS 
SS Gone. Flux Ave Flux % Error in 
q/1 %/!m2-s*1000 Balance 
0.024 0.001 
54.94 1.135 
16.71 1.181 1.16 3.9 
Flow Rate 
ml/min 
Overflow 46 
underflow 19 
Influent 65 
Measured Oor. Nano. Meas.Mano. Sig)erfic 
Port # Hei^t, cm Gone, g/1 Gone, g/1 Râng., mn Bdng., mm Vel m/s 
OVER 110.8 0 0.024 0 
1 96.5 0 0 
2 86.4 1 0.82 0 0 1.1144 
3 76.2 1 1.15 0.1 0.1 1.1144 
4 66.04 1 0.9 0.2 0.3 1.1144 
5 55.88 1 1.02 0.3 0.3 1.1144 
lOT 50 1 0.9 1.1144 
6 45.72 22 21.92 1.6 1.7 0.0309 
7 40.64 28.5 27.56 2.4 2.5 0.0192 
8 35.56 33.5 33.16 3.3 3.3 0.0132 
9 30.48 37.2 38 4.3 4.3 0.0099 
10 25.4 40.1 40.72 5.4 5.4 0.0076 
11 20.32 42.3 40.1 6.5 6.9 0.0062 
12 15.24 44.3 41.42 7.8 8 0.0050 
13 10.16 46 44.66 9.1 9.1 0.0040 
14 5.08 47.6 44.54 10.5 10.5 0.0032 
15 0 48.8 49.76 12 12 0.0026 
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Incar. Buoy. Cum. Buoy Excess Pore Eff. Strs dp/àx k 
Pres.N/te"2 Pres.NAi"2 Pres.,N/n"2 N/te"2 Kg/h"2-s"2 in"2*10"9 
0.302 0.302 0.000 
0.611 0.913 0.978 
0.608 1.521 1.956 
0.608 2.129 2.934 
0.352 2.481 8.801 
8.402 8.402 6.845 1.557 96.252 0.2941 
7.678 16.080 14.669 1.411 163.629 0.1072 
9.427 25.507 23.470 2.037 182.879 0.0662 
10.750 36.257 33.249 3.007 202.130 0.0446 
11.753 48.010 44.007 4.003 211.755 0.0330 
12.528 60.538 54.764 5.774 231.005 0.0245 
13.167 73.705 67.477 6.228 250.256 0.0181 
13.730 87.435 80.190 7.245 259.881 0.0141 
14.231 101.666 93.881 7.785 279.131 0.0104 
14.657 116.323 108.549 7.774 288.757 0.0082 
Table B-4. Experimaital data and calculated results for continuous 
thickening experiment Ames4 
SUN #: Ames4 
TEMP. C; 23.3 
DME: 6/2/87 
VIsœsnY, 1%1/h-s: 
DENSITY, I^"3: 
TIME: 10:30 pn 
0.00092981 
997.443 
Flow Rate 
mL/tein 
Overflow 70 
IWerflow 57 
Influent 127 
MASS BAIANŒ CAICUIATIONS 
SS Gone. Flux Ave Flux % Error in 
g/1 Kg/hi2-s*1000 Balance 
0.032 0.002 
38.94 2.413 
17.27 2.385 2.40 1.3 
Measured Oor. Mano. Meas.Mano. Svmerfic 
)rt # Hei^t, cm Oono. g/1 Oono. g/1 Rdng., mn Rdng., mn Vel m/s 
OVER 110.8 0 0.032 0 
1 96.5 0 0 
2 86.4 2.4 2.36 0 0 0.9436 
3 76.2 2.5 2.52 0 0 0.9034 
4 66.04 2.5 2.46 0.5 0.7 0.9034 
INT 58 2.5 0.7 0.9034 
5 55.88 11.2 11.18 0.9 0.9 0.1535 
6 45.72 13.64 13.64 1.7 1.9 0.1150 
7 40.64 14.2 14.18 2.3 2.3 0.1080 
8 35.56 15.1 15.74 2.9 3.1 0.0979 
9 30.48 16.1 16.08 3.5 3.5 0.0879 
10 25.4 17.2 16.96 4.1 4 0.0783 
11 20.32 19.5 19.48 4.7 4.7 0.0618 
12 15.24 30.4 30.36 5.6 5.6 0.0174 
13 10.16 32.2 32.24 6.4 6.4 0.0130 
14 5.08 33.9 33.86 7.3 7.3 0.0092 
15 0 35.3 35.32 8.8 8.9 0.0064 
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Incar. Bucy. cum. Buoy Excess Pore Eff. Stxs dp/dx k 
Pres.N/ta"2 Pre8.N/n^2 E%es.,N/te*2 N/ta"2 KgAn"2-s"2 m"2*10'9 
0.725 0.725 0.000 
1.496 2.221 0.000 
1.520 3.741 4.890 
1.203 4.944 6.847 
0.869 5.814 8.803 -2.989 84.644 1.6863 
7.553 13.366 16.628 -3.261 96.269 1.1103 
4.232 17.599 22.496 -4.897 115.523 0.8691 
4.454 22.053 28.365 -6.311 115.523 0.7876 
4.743 26.796 34.233 -7.437 115.523 0.7077 
5.063 31.859 40.102 -8.243 115.523 0.6305 
5.579 37.438 45.970 -8.532 144.403 0.3979 
7.586 45.025 54.773 -9.749 163.657 0.0989 
9.517 54.541 62.598 -8.056 163.657 0.0737 
10.049 64.590 71.401 -6.810 231.045 0.0371 
10.520 75.111 86.072 -10.961 288.807 0.0206 
Table B-5. Ebqjerimental data and calculated results for continuous 
thickening e9^)eriinent AmesSR 
FUN #: AmesSR DATE: 6/3/87 TIME: 11:30 pm 
TEMP. C: 22.8 Visœsm, KaAn-S: 0.00094043 
DEMSm, Ka/ta"3: 997.563 
MASS BAIANCE CADCUIATIONS 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/min q/1 Vi3/ic2s*1000 Balance 
Overflow 61 0.028 0.002 
Uhderflow 41 42.83 1.909 
Influent 102 17.21 1.909 1.91 0.1 
Measured Oor. Mano. Meas.Mano. Svperfic 
Port # Hei^tf cm Oona. g/1 Cone, g/1 Rdng., mm Rdng., mm Vel m/s 
OVER 110.8 0 0.028 0 
1 96.5 0 0 
2 86.4 1.8 1.76 0 0 1.0162 
3 76.2 1.9 1.93 0 0 0.9604 
4 66.04 2 2.03 0 0 0.9101 
mr 56.9 2 0 0.9101 
5 55.88 14.1 14.1 0 0 0.0908 
6 45.72 25.1 24.96 1.2 1.2 0.0315 
7 40.64 28.2 28.42 2 2.2 0.0231 
8 35.56 29.8 29.84 2.8 2.7 0.0195 
9 30.48 30.4 30.36 3.7 3.6 0.0182 
10 25.4 30.6 30.64 4.6 4.7 0.0178 
11 20.32 31.2 31.4 5.6 5.6 0.0166 
12 15.24 31.8 32.28 6.6 6.6 0.0155 
13 10.16 32.5 31.9 7.7 7.8 0.0142 
14 5.08 33.3 33.26 8.8 8.9 0.0128 
15 0 38 37.98 10 10 0.0057 
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Incar. Buoy. Cum. Buoy Excess Pore Eff. Strs dp/6x k 
Pres.N/ta"2 Eres.N/ta'2 Eres.,N/ta'2 N/ta*2 Kg/h'2-s"2 m"2*10"9 
0.544 0.544 0.000 
1.129 1.673 0.000 
1.186 2.859 0.000 
1.094 3.953 0.000 
0.491 4.445 0.000 4.445 57.768 1.4788 
11.918 16.363 11.739 4.624 134.793 0.2197 
8.102 24.465 19.564 4.901 154.049 0.1412 
8.817 33.282 27.390 5.892 163.677 0.1120 
9.151 42.433 36.194 6.239 173.305 0.0989 
9.273 51.706 44.998 6.709 182.933 0.0916 
9.395 61.101 54.780 6.321 192.561 0.0812 
9.577 70.678 64.562 6.116 202.189 0.0719 
9.775 80.452 75.322 5.130 211.817 0.0629 
10.003 90.455 86.083 4.372 221.445 0.0542 
10.839 101.294 97.821 3.473 231.073 0.0231 
Table B-6, E>g)erimental data and calculated results for continuous 
thickening experiment AmesGR 
RUN #: AmesGR DATE: 6/4/87 TIME: 1:00 pm 
TEMP. C: 21 VISOOSnY, Vg/wrs: 0.00098053 
DENSm, Fa/ta'3: 997.975 
MASS BAIANCE CAICUIATimS 
Flew Rate SS Oonc. Flux Ave Flux % Error in 
mL/roin g/1 Kg/m2-s*1000 Balance 
Overflow 47 0.020 0.001 
Underflow 24 51.25 1.310 
Influent 71 18.16 1.392 1.35 6.0 
Measured Oor. Mano. Msas.Mano. Siperfic 
Port # Hëi^t, an Oonc. g/1 Cone, g/1 Râng., xm Rdng. / mn Vel m/s 
OVER 110.8 0 0 
1 96.5 0 0 
2 86.4 1.4 1.38 0 0 0.9099 
3 76.2 1.4 1.39 0 0 0.9099 
4 66.04 1.4 1.38 0 0 0.9099 
IMT 61.9 1.4 0 0.9099 
5 55.88 30.7 30.7 1.5 1.5 0.0171 
6 45.72 33.9 33.68 3.6 3.7 0.0131 
7 40.64 34.6 34.56 4.7 4.8 0.0123 
8 35.56 35 34.6 5.8 5.9 0.0119 
9 30.48 35.2 35.46 6.9 6.7 0.0117 
10 25.4 35.5 35.14 8 8 0.0113 
11 20.32 35.5 35.78 9.1 8.8 0.0113 
12 15.24 35.5 34.5 10.2 10.2 0.0113 
13 10.16 36 35.54 11.3 11.6 0.0108 
14 5.08 38.9 38.92 12.4 12.6 0.0081 
15 0 43.6 43.56 13.6 13.7 0.0045 
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Incr. Buoy. Cum. Buoy Excess Pore Eff. Strs <^/dx k 
Ptes.N/Bi*2 Pres.N/ni'2 Pres.,N/ta"2 N/ta"2 I%/h'2-s'2 m"2*10"9 
0.423 0.423 0.000 
0.854 1.277 0.000 
0.851 2.128 0.000 
0.347 2.475 0.000 
8.089 10.564 14.679 -4.115 223.057 0.0752 
19.635 30.200 35.230 -5.030 207.089 0.0619 
10.410 40.610 45.995 -5.385 211.905 0.0569 
10.577 51.187 56.760 -5.572 211.905 0.0549 
10.669 61.856 67.524 -5.668 211.905 0.0539 
10.745 72.601 78.289 -5.688 211.905 0.0525 
10.790 83.391 89.054 -5.663 211.905 0.0525 
10.790 94.181 99.819 -5.637 211.905 0.0525 
10.866 105.048 110.583 -5.536 211.905 0.0501 
11.383 116.431 121.348 -4.918 221.537 0.0359 
12.538 128.969 133.092 -4.123 231.169 0.0190 
Table 5-7. Ejqperimental data and calculated results for cxxitinuous 
thickening e)$)eriinent Ames? 
FUN #: Ames? 
TEMP. C: 25 
DATE: 6/8/8? 
VISOOSm, Ka/m-s: 
DENSm, Kg^"3: 
TIME: 11:00 pn 
0.00089519 
99?.014 
Flow Bate 
nl/min 
Overflow 69 
Unâerflcw 40 
Infligent 109 
MASS BAIANŒ CAliCUlATIGNS 
SS Gone. Flux Ave Flux % Error in 
g/1 KgAn2-s*1000 Balance 
0.026 0.002 
48.99 2.131 
1?.68 2.095 2.11 1.8 
Measured Oor. Mano. Meas.Mano. Siperfic 
Port # Hei^it, can Ocnc. g/1 Gone, g/1 R±ig., mn Edng., mn Vel m/s 
OVER 110.8 0 0.026 0 
1 96.5 0 0 
2 86.4 1.5 1.45 0 0 1.3770 
3 76.2 1.6 1.61 0 0 1.2882 
4 66.04 1.6 1.58 0 0 1.2882 
mr 58.8 1.6 0.2 0 1.2882 
5 55.88 15 14.08 0.6 0.6 0.0986 
6 45.72 25.6 25.6 2 2.2 0.0397 
? 40.64 30 29.9 2.8 3.1 0.0275 
8 35.56 32.6 33.86 3.7 3.7 0.0219 
9 30.48 35 34.74 4.8 5 0.0174 
10 25.4 36.9 35.56 5.8 6.1 0.0143 
11 20.32 38.6 41.04 7 ? 0.0117 
12 15.24 40.2 40.94 8.2 8.4 0.0095 
13 10.16 41.6 40.16 9.5 9.5 0.0077 
14 5.08 43 42.14 10.8 10.8 0.0061 
15 0 44 44 12.2 12.2 0.0049 
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Incr. Buoy. , cum. Buoy Excess Pare E££. Strs àp/€bc k 
Pres.N/ta*2 Pres.N/ta*2 Pres.,N/te^2 N/ta"2 K3/ta'2-s"2 m"2*10"9 
0.452 0.452 0.000 
0.944 1.397 0.000 
0.971 2.367 0.000 
0.692 3.059 1.955 
2.077 5.137 5.866 -0.730 137.531 0.6415 
12.802 17.939 19.553 -1.615 144.341 0.2465 
8.434 26.373 27.375 -1.002 163.587 0.1507 
9.496 35.868 36.174 -0.306 192.455 0.1017 
10.254 46.122 46.928 -0.806 202.078 0.0770 
10.906 57.029 56.705 0.324 211.701 0.0603 
11.452 68.481 68.437 0.044 230.946 0.0454 
11.953 80.434 80.169 0.265 240.569 0.0354 
12.408 92.842 92.879 -0.036 250.192 0.0276 
12.833 105.675 105.589 0.087 259.814 0.0209 
13.197 118.872 119.276 -0.404 269.437 0.0164 
Table B-8. Experimental data and calculated results for continuous 
thickening e2q>eriinent Ames8 
RUN #: AmesS 
TEMP. C; 24 
DATE: 6/9/87 
VISOOSnY, Ky/ms: 
DENSmr, Kg/m-^S; 
TIME: 7:30 pro 
0.00091528 
997.270 
Flow Rate 
ml/min 
Overflow 46 
Underflow 20 
Influent 66 
MASS BAIANCE CAICULATIWS 
SS Gone. Flux Ave Flux % Error in 
g/1 Kg/ni2-s*1000 Balance 
0.012 0.001 
54.75 1.209 
17.72 1.277 1.24 5.5 
Measured Cor. Mano. Meas.Mano. Simerfic 
Port # Hei^it, cm Gone, g/1 Cone, g/1 Rdng., mm Rdng., mm Vel itan/s 
OVER 110.8 0 0.012 0 
1 96.5 0 0 
2 86.4 1.05 1.02 0 0 1.1289 
3 76.2 1.05 1.05 0 0 1.1289 
4 66.04 1.05 1.01 0 0 1.1289 
5 55.88 1.05 1.08 0 0 1.1289 
INT 47.6 1.05 0 1.1289 
6 45.72 16.44 16.44 0.2 0.2 0.0514 
7 40.64 26.3 26.3 0.9 0.9 0.0239 
8 35.56 29.1 29.68 1.6 1.6 0.0195 
9 30.48 34 36.14 2.7 3 0.0135 
10 25.4 37.2 36.5 3.9 3.9 0.0104 
11 20.32 40 38.56 5.2 5.3 0.0081 
12 15.24 42.8 41.84 6.5 6.8 0.0062 
13 10.16 45.2 48.46 7.8 7.6 0.0047 
14 5.08 47.6 47.44 9.2 9.2 0.0033 
15 0 50 50.04 10.7 10.7 0.0021 
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Incr. Buoy. Cum. Buoy E)Kiess Pore Eff. Strs dp/dx k 
Pres.N/m'"2 Pres.N/m'"2 Pres. ,N/m''2 N/m^2 Kg/m^2-s'~2 m''2*10''9 
0.317 0.317 0.000 
0.639 0.956 0.000 
0.637 1.593 0.000 
0.637 2.230 0.000 
0.519 2.749 0.000 
1.612 4.768 1.956 2.812 119.394 0.3943 
6.482 11.250 8.801 2.449 134.753 0.1622 
8.402 19.652 15.647 4.005 173.254 0.1028 
9.570 29.222 26.404 2.818 221.380 0.0557 
10.798 40.021 38.139 1.882 240.631 0.0396 
11.708 51.729 50.852 0.877 250.256 0.0298 
12.558 64.287 63.565 0.722 250.256 0.0225 
13.346 77.633 76.278 1.355 259.881 0.0164 
14.074 91.708 89.969 1.739 279.131 0.0109 
14.802 106.510 104.638 1.872 288.757 0.0066 
Table 5-9. Ej^perJjnaital data and calculated results for continuous 
thickening e:g)eriment Ames9 
HJN #: DATE: 6/10/87 TIME: 11:00 am 
TEMP. C: 22.5 Visœsny, K^/h-S: 0.00094691 
DENSITY, 1^"3 : 997.634 
MASS BAIANCE GAIOJIATICNS 
Flow Rate SS Gone. Flux Ave Flux % Errw in 
ml/min q/1 Kg/1n2-s*1000 Balance 
Overflow 65 0.032 0.002 
Underflow 56 39.55 2.408 
Influent 121 18.25 2.401 2.41 0.4 
Measured Oar. fbno. Meas.Mano. Simerfic 
Port # Hei^t, cm Gone, q/1 Gone, g/1 Rdng.f mm Rdng., mm Vel mn/s 
OVER 110.8 0 0 
1 96.5 0 0 
2 86.4 2.8 2.82 0 0 0.7992 
INT 77.5 2.8 0 0.7992 
3 76.2 10.9 10.86 0.1 0.1 0.1600 
4 66.04 14 13.98 2.1 2.1 0.1111 
5 55.88 14.7 14.7 2.9 2.9 0.1029 
6 45.72 15.6 14.9 3.7 4.5 0.0935 
7 40.64 16 15.78 4.1 4.1 0.0896 
8 35.56 16.5 16.82 4.5 4.5 0.0851 
9 30.48 17 17.14 4.9 5.2 0.0808 
10 25.4 17.6 17.42 5.4 5.4 0.0759 
11 20.32 19.6 19.32 5.8 5.8 0.0620 
12 15.24 28 27.92 6.9 6.9 0.0251 
13 10.16 33.5 33.52 8 8.1 0.0110 
14 5.08 35.4 35.74 9.1 9.1 0.0071 
15 0 36 35.52 10.2 10.2 0.0060 
298 
Inor. Buoy. Cum. Buoy Excess Fore Eff. Strs dp/dx k 
Eres.N/ta"2 Eres.N/ta*2 Eces.,N/ta"2 N/ta"2 Kgt/ta"2-s"2 m"2*10"9 
0.532 
7.551 
8.703 
9.189 
4.791 
4.928 
5.080 
5.246 
5.641 
7.217 
9.325 
10.447 
10.826 
2.863 
10.414 
19.118 
28.307 
33.098 
38.026 
43.105 
48.352 
53.992 
61.210 
70.535 
80.982 
91.808 
0.978 
20.544 
28.370 
36.196 
40.109 
44.023 
47.936 
52.827 
56.740 
67.501 
78.262 
89.023 
99.785 
1.885 
-10.129 
-9.252 
-7.890 
-7.012 
-5.997 
-4.830 
-4.475 
-2.748 
-6.292 
-7.727 
-8.041 
-7.976 
133.914 
134.802 
77.030 
77.030 
77.030 
77.030 
86.659 
86.659 
144.431 
211.832 
211.832 
211.832 
211.832 
1.1317 
0.7806 
1.2654 
1.1492 
1.1017 
1.0457 
0.8826 
0.8298 
0.4063 
0.1123 
0.0492 
0.0319 
0.0268 
Table B-10. E)q)erimental data and calculated results for ocartinuous 
tlùckaiing experiment AmeslOR 
RUN #: AmeslOR DATE: 6/10/87 TIME: 7:30 am 
TEMP. C: 23 VISOOSnY, 1%/m-S: 0.00093616 
DENSm, Kg^"3: 997.515 
MASS BAIANCE CALOUIATI(X«S 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/min g/l KgAn2-s*1000 Balance 
Overflew 41 0.012 0.001 
underflow 23 51.71 1.293 
Influent 64 18.11 1.260 1.28 2.6 
Measured Oor. Mano. Meas.Mano. SL%)erfic 
Port # Hei^t, cm Gone, g/1 Oonc. g/1 Rdng., mm Rdng., mm Vel mm/s 
OVER 110.8 0 0.012 0 
1 96.5 0 0 
2 86.4 1.5 1.54 0 0 0.8371 
3 76.2 1.6 1.28 0 0 0.7832 
4 66.04 1.6 1.33 0 0 0.7832 
IMT 57.1 1.6 0 0 0.7832 
5 55.88 15 21.28 0.5 0.5 0.0612 
6 45.72 25.6 33.74 2.4 2 0.0255 
7 40.64 30 34.58 3.4 3.4 0.0181 
8 35.56 32.6 34.38 4.4 4.3 0.0147 
9 30.48 35 34.72 5.4 5.2 0.0119 
10 25.4 36.9 35.04 6.4 5.6 0.0100 
11 20.32 38.6 34.74 7.4 7.5 0.0085 
12 15.24 40.2 34.2 8.4 8.5 0.0072 
13 10.16 41.6 35.9 9.4 9.4 0.0061 
14 5.08 43 38.08 10.5 10.5 0.0051 
15 0 44 43.82 11.9 11.9 0.0044 
300 
Inor. Buoy. Cum. Buoy Excess Pore Eff. Strs àp/àx k 
Pres.N/ta"2 Eres.N/ta"2 EFes.,N/ta"2 N/ta"2 I%An"2-s'2 m"2*10'9 
0.452 0.452 0.000 
0.944 1.396 0.000 
0.970 2.367 0.000 
0.854 3.221 0.000 
0.605 3.825 4.891 -1.066 293.510 0.1952 
13.138 16.963 23.476 -6.513 187.738 0.1272 
8.431 25.394 33.258 -7.863 192.552 0.0880 
9.493 34.887 43.039 -8.152 192.552 0.0713 
10.251 45.138 52.821 -7.683 192.552 0.0581 
10.903 56.041 62.602 -6.562 192.552 0.0488 
11.449 67.490 72.384 -4.895 192.552 0.0413 
11.949 79.439 82.166 -2.727 192.552 0.0348 
12.404 91.843 91.947 -0.104 202.179 0.0281 
12.829 104.672 102.707 1.964 240.690 0.0197 
13.193 117.864 116.401 1.463 269.573 0.0152 
Table B^ll. Ebgierimental data and calculated results for continuous 
thickening e}9)eriinent AmesllR 
BUN #: AmesllR DMCE: 6/11/87 TIME: 8:10 pm 
TEMP. C: 23.8 VISOOSnY, %/h-s: 0.00091939 
DENSnY, Ki/ta"3: 997.320 
MASS BAIANCE CADOUIATICNS 
Flow Bate SS Omc. Flux Ave Flux % Error in 
ml/min g/1 K^in2-s*1000 Balance 
Overflow 55 0.024 0.001 
iWerflow 58 35.97 2.268 
Influent 113 18.85 2.316 2.29 2.0 
Measured Cor. Mano. Meas.Mano. Stperfic 
Port # Hei^t, cm Cone, g/1 Ocmc. g/1 Rdng., mm Rdng., ma Vel m/s 
OVER 110.8 0 0.024 0 
1 96.5 0 0 
2 86.4 3 2.98 0 0 0.6931 
3 76.2 3.1 3.1 0 0.1 0.6687 
JNI 67 3.1 0 0.6687 
4 66.04 10 10 0.1 0.1 0.1638 
5 55.88 18.4 18.42 1.1 0.9 0.0602 
6 45.72 21.4 21.2 2.8 3.3 0.0429 
7 40.64 22.4 22.74 3.7 4.2 0.0382 
8 35.56 23 22.96 4.5 4.5 0.0356 
9 30.48 23.6 23.46 5.3 5.6 0.0331 
10 25.4 24 23.82 6.2 6 0.0315 
11 20.32 24.4 24.4 7 6.9 0.0299 
12 15.24 24.8 24.76 7.9 7.5 0.0284 
13 10.16 25 24.88 8.8 8.7 0.0277 
14 5.08 25.6 23.74 9.5 9.5 0.0255 
15 0 27.6 27.64 10.4 10.5 0.0191 
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Incr. Buoy. cum. Buoy Excess Pore Eff. Stxs àp/dx k 
Pres.N/ta"2 Pces.N/ta"2 Pres.,N/ta"2 N/te"2 %/b"2-s"2 m'2*10'9 
0.905 0.905 
1.858 2.762 
1.703 4.465 
0.375 4.840 
8.614 13.455 
12.072 25.527 
6.643 32.169 
6.885 39.055 
7.067 46.122 
7.219 53.341 
7.340 60.681 
7.462 68.143 
7.553 75.695 
7.674 83.369 
8.068 91.438 
0.000 
0.000 
0.000 
0.978 3.862 
10.758 2.697 
27.383 -1.857 
36.185 -4.016 
44.009 -4.954 
51.832 -5.711 
60.634 -7.293 
68.458 -7.777 
77.260 -9.117 
86.062 -10.366 
92.907 -9.538 
101.709 -10.271 
99.065 1.5200 
129.947 0.4261 
168.450 0.2344 
163.637 0.2147 
154.011 0.2123 
163.637 0.1857 
163.637 0.1767 
163.637 0.1680 
173.263 0.1507 
154.011 0.1652 
154.011 0.1525 
173.263 0.1015 
Table B-12. Ebqierimenkal data and calculated results for continuous 
thickening eoqieriment Amesl2 
FUN #: Amesl2 DATE: 6/11-6/12/8 TIME: 11:15 am 
TEMP. C: 23.8 Visœsm, Yg/m-si 0.00091939 
EEMSnY, Ri^"3: 997.320 
MASS BAIANCE CMCUIATIGNS 
Flow Bate SS Oonc. Flux Ave Flux % Error in 
ml/bin g/1 Kg/m2-s*1000 Bedanoe 
Overflow 57 0.018 0.001 
underflow 44 45.65 2.159 
Influent 101 20.43 2.233 2.20 3.3 
Measured Cor. Mano. Meas.Mano. Simerfic 
Port # Hei^it, cm Gone, g/1 Cone, g/1 Rang., mm Rdng., mn Vel m/s 
OVER 110.8 0 0.018 0 
1 96.5 0 0 
2 86.4 3 3 0.1 0.1 0.6724 
INT 76.3 3 0.1 0.6724 
3 76.2 8.6 8.58 0.2 0.2 0.2038 
4 66.04 14.3 14.26 0.6 0.7 0.1037 
5 55.88 16.3 16.32 1.4 1.4 0.0852 
6 45.72 17.5 17.5 2.4 2.4 0.0761 
7 40.64 19.4 19.36 3.1 3.1 0.0640 
8 35.56 27.8 27.74 4 4.1 0.0304 
9 30.48 35.2 35.2 5.1 4.8 0.0140 
10 25.4 36.9 36.94 6.3 6.5 0.0112 
11 20.32 38 37.96 7.6 7.6 0.0095 
12 15.24 38.6 8.8 8.8 0.0086 
13 10.16 39.2 40.68 10 10.1 0.0078 
14 5.08 39.6 39.32 11.2 10.9 0.0072 
15 0 39.8 39.54 12.4 12.6 0.0070 
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Incr. Buoy. Cum. Buoy Excess Pore Eff. Strs (%/dx k 
Eres.N/ta"2 Eres.N/ta*2 Pres.,N/ta*2 N/ta"2 Kg/b"2-s"2 m'2*10'9 
0.905 0.905 
1.809 1.809 
0.035 0.939 
6.946 7.885 
9.282 17.167 
10.252 27.419 
5.596 33.015 
7.158 40.173 
9.555 49.728 
10.935 60.662 
11.359 72.022 
11.617 83.639 
11.799 95.438 
11.951 107.388 
12.042 119.430 
0.978 
0.978 
1.956 
5.868 2.017 
13.692 3.475 
23.471 3.948 
30.317 2.698 
39.119 1.054 
49.877 -0.149 
61.612 -0.950 
74.326 -2.304 
86.062 -2.423 
97.797 -2.359 
109.533 -2.144 
121.268 -1.838 
57.754 1.6507 
86.631 0.9039 
115.508 0.6056 
154.011 0.3821 
192.514 0.1450 
221.391 0.0583 
240.643 0.0429 
240.643 0.0364 
231.017 0.0344 
231.017 0.0310 
231.017 0.0288 
231.017 0.0277 
Table 5-13. E}q>erimental data and calculated results for ocntinucus 
thickening e)q)erJinent Amesl3 
FUN #: Ames 13 DATE: 8/11/87 TIME: 11:15 pm 
TEMP. C: 24 VISOOSnY, ¥ig/m-B: 0.00091528 
ECMSnY, I%^"3: 997.270 
MASS BAIANŒ CAIOJIATIONS 
flow Rate SS Cone. Flux Ave Flux % Error in 
nl/tain g/1 ¥g/xs2s*1000 Bedanoe 
Overflow 46 0.008 0.000 
Underflow 22 59.76 1.397 
Influent 68 18.26 1.340 1.37 4.2 
Measured Oor. Mano. Meas.Miano. Simerfic 
Port # Hei^t, an Gone, g/1 Gone, g/1 Rdng.f nm Rdng., ma Vel m/s 
OVER 110.8 0 0.008 0 
1 96.5 0 0 
2 86.4 0.52 0.52 0 0 2.6633 
3 76.2 0.85 0.83 0 0 1.6202 
4 66.04 0.85 0.88 0 0 1.6202 
5 55.88 0.85 0.86 0 0.2 1.6202 
INT 47.5 0.85 0 1.6202 
6 45.72 22.3 22.33 0.3 0.3 0.0393 
7 40.64 29.5 27.54 1 1 0.0240 
8 35.56 34.5 34.4 1.9 1.5 0.0171 
9 30.48 38.5 41.66 2.9 3 0.0129 
10 25.4 41.5 41.52 4 4 0.0103 
11 20.32 44.4 43.98 5.3 5.4 0.0081 
12 15.24 46.7 46.76 6.5 6.5 0.0065 
13 10.16 49 48.96 7.8 7.8 0.0051 
14 5.08 51 47.56 9.2 9.2 0.0040 
15 0 53 56.66 10.6 10.6 0.0030 
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Incr. Buoy. Cum. Buoy Excess Pore Eff. Stxs dp/dx k 
Pres.N/ta"2 Eres.N/ta"2 Pces.,N/m"2 N/ta"2 Kg/ta"2-s*2 m'2*10"9 
0.158 0.158 0.000 
0.419 0.577 0.000 
0.518 1.095 0.000 
0.518 1.613 0.000 
0.427 2.041 0.000 
1.910 3.951 2.934 1.017 149.786 0.2400 
7.895 11.847 9.779 2.067 154.004 0.1425 
9.755 21.602 18.581 3.021 182.879 0.0857 
11.127 32.728 28.360 4.369 202.130 0.0585 
12.194 44.922 39.117 5.805 231.005 0.0408 
13.093 58.015 51.830 6.185 240.631 0.0308 
13.886 71.901 63.565 8.336 240.631 0.0249 
14.587 86.487 76.278 10.210 259.881 0.0181 
15.242 101.730 89.969 11.761 269.506 0.0136 
15.852 117.582 103.660 13.922 269.506 0.0101 
Table B-14. E)^)erimenkal data and calculated results for continuous 
thickening experiment Amesl4 
RUN #: Ames 14 DATE: 8/12/87 TIME: 2:15 pn 
TEMP. C: 24 VISGOSnY, %/m-s: 0.00091528 
DENSITY, 997.270 
MASS BAIANCE CAICOIATimS 
Plow Bate SS Gone. Flux Ave Flux % Error in 
ml/tein g/1 I%/m2-s*1000 Balance 
Overflow 75 0.018 0.001 
Underflow 44 47.57 2.250 
Influent 119 18.29 2.357 2.30 4.6 
Measured Cor. Mano. Meas.Mano. Siperfic 
Port # Hei^t, cm Cone, g/1 Gone, g/1 Rdng., xim Rdng., mm Vel rm/s 
OVER 110.8 0 0.018 0 
1 96.5 0 0 
2 86.4 1.6 1.63 0 0 1.3590 
3 76.2 1.6 1.5 0.2 0.2 1.3590 
4 66.04 1.9 1.92 0.25 0.2 1.1369 
5 55.88 1.9 1.95 0.3 0.3 1.1369 
6 45.72 2 4.45 0.4 0.4 1.0777 
INT 45.4 2 0.4 1.0777 
7 40.64 21 19.68 0.7 0.8 0.0598 
8 35.56 28.9 28.86 1.3 1 0.0306 
9 30.48 33.6 34.14 2.1 2.2 0.0197 
10 25.4 36.9 37.3 3 3 0.0137 
11 20.32 39.1 38.94 4.1 4.3 0.0102 
12 15.24 41 41.26 5.2 5.2 0.0076 
13 10.16 42.2 41.32 6.4 6.7 0.0060 
14 5.08 43.2 43.2 7.6 7.6 0.0048 
15 0 43.7 42.44 8.9 8.9 0.0042 
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Incr. Buoy. Cum. Buoy Excess Pore Eff. Stzs <^/dx k 
Pres.N/ta"2 Pres.N/ta"2 Eres.,N/m"2 N/ta"2 Kg/%"2-s"2 in"2*10"9 
0.485 0.485 0.000 
0.979 1.464 1.956 
1.067 2.531 2.445 
1.158 3.690 2.934 
1.189 4.878 3.912 
0.038 4.917 3.912 
4.358 9.275 6.845 2.429 88.568 0.6185 
7.606 16.881 12.713 4.168 134.753 0.2075 
9.526 26.407 20.536 5.871 163.629 0.1100 
10.746 37.153 29.338 7.815 192.504 0.0650 
11.584 48.737 40.095 8.642 211.755 0.0443 
12.209 60.946 50.852 10.094 221.380 0.0313 
12.681 73.627 62.587 11.040 231.005 0.0238 
13.017 86.644 74.322 12.322 240.631 0.0182 
13.245 99.889 87.035 12.854 250.256 0.0153 
Table B-15. Ib^ierimenlal data and calculated results for continuous 
thickening e)^)eriiment AmeslSR 
RUN #: AmeslSR DME: 8/13/87 TIME: 9:00 am 
TEMP. C: 24.3 VESOOSm, Kg/m-S: 0.00090917 
DENSITY, Kg/im"3 : 997.194 
MASS BAIANCE CAICUIATIWS 
Flow Rate SS C3anc. flux Ave Flux % Error in 
ml/min g/1 Kg/m2-s*1000 Balance 
Overflow 52 0.018 0.001 
Underflow 21 61.17 1.397 
Influent 73 18.41 1.461 1.43 4.4 
Measured Oor. Mano. Meas.Mano. Siperfic 
Port # Hëi^t, an Gone, g/1 Cane, g/1 Rdng., mm Rdng., mm Vel m/s 
OVER 110.8 0 0.018 0 
1 96.5 0 0 
2 86.4 1.1 1.09 0 0 1.2470 
3 76.2 1.2 1.24 0 0 1.1411 
4 66.04 1.2 1.24 0 0 1.1411 
5 55.88 1.4 1.36 0 0 0.9749 
6 45.72 1.4 1.36 0 0 0.9749 
7 40.64 1.4 1.28 0 0 0.9749 
INT 38.1 1.4 0 0 0.9749 
8 35.56 30.9 30.92 0.4 0.4 0.0224 
9 30.48 38.5 38.9 1.3 1.3 0.0134 
10 25.4 42.4 42.68 2.4 2.4 0.0101 
11 20.32 44.9 46.76 3.7 3.9 0.0083 
12 15.24 46.6 46.66 5.1 5.2 0.0071 
13 10.16 48 46.24 6.6 6.5 0.0063 
14 5.08 49 45.76 7.9 7.9 0.0057 
15 0 49.5 49.54 9.4 8.8 0.0054 
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Incr. Buoy. Cum. Buoy Excess Pore Eff. Strs dp/dx k 
Eres.N/ta'2 Pres.N/ta"2 Pres.,N/ta"2 N/ta"2 Kg/h'2-s"2 m"2*10'9 
0.333 0.333 0.000 
0.704 1.037 0.000 
0.732 1.769 0.000 
0.793 2.562 0.000 
0.854 3.415 0.000 
0.427 3.842 0.000 
0.213 4.055 0.000 
3.750 3.750 3.911 -0.162 163.616 0.1243 
10.579 14.328 12.712 1.616 192.490 0.0635 
12.332 26.660 23.468 3.191 230.988 0.0398 
13.307 39.967 36.180 3.786 259.861 0.0289 
13.947 53.914 49.870 4.044 279.110 0.0233 
14.420 68.334 64.538 3.796 269.486 0.0211 
14.786 83.120 77.250 5.869 269.486 0.0191 
15.014 98.134 91.918 6.216 288.735 0.0170 
Table B-16. E)q)erimenkal data and calculated results for continuous 
thickening e)q)eriment Amesl6R 
FUN #: Amesl6R DATE: 8/13/87 TIME: 4:30 pn 
TEMP. C: 24 VISœSm, Kg/m-s: 0.00091528 
DENSITÏ, Ri/m"3: 997.270 
MASS BAIANCE CAICUIATIONS 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/ndn g/1 I%/m2-s*1000 Balance 
Overflew 78 0.032 0.003 
Underflow 56 43.80 2.667 
Influent 134 18.60 2.710 2.69 1.5 
Measured Oor. Mano. Meas.Mano. Siperfic 
Port # Hei^ity cm Oonc. g/1 Oonc. g/1 Rdng., mm Rdng., mm Vel m/s 
OVER 110.8 0 0.032 0 
1 96.5 0 0 
2 86.4 2.8 2.75 0 0 0.8916 
3 76.2 2.9 2.91 0 0 0.8588 
4 66.04 3 3.03 0 0 0.8281 
5 55.88 3.1 3.08 0 0 0.7994 
INT 51 3.1 0 0.7994 
6 45.72 20.2 20.18 0.5 0.5 0.0711 
7 40.64 24.5 24.46 1.2 1.2 0.0480 
8 35.56 27.2 27.16 2.1 2.2 0.0372 
9 30.48 28.8 28.78 2.9 3 0.0317 
10 25.4 30.2 29.76 3.7 3.7 0.0274 
11 20.32 31.3 31.48 4.6 4.7 0.0243 
12 15.24 32.3 32.32 5.5 5.6 0.0217 
13 10.16 33 32.52 6.45 6.6 0.0199 
14 5.08 33.6 33.62 7.4 7.4 0.0185 
15 0 34.5 37.72 8.35 8.4 0.0164 
Incr. Buoy. cum. Buoy Excess Pare Eff. Strs <^/dx 
Pres.N/te"2 Pres.N/ln"2 Pres.,N/n''2 N/in*2 Kig/!m"2-s"2 
k 
m"2*10'9 
0.849 0.849 0.000 
1.744 2.593 0.000 
1.799 4.392 0.000 
1.860 6.251 0.000 
0.908 7.159 0.000 
4.547 11.706 4.890 6.816 113.680 0.5728 
6.813 18.519 11.735 6.784 154.004 0.2851 
7.880 26.399 20.536 5.863 163.629 0.2079 
8.536 34.935 28.360 6.575 154.004 0.1885 
8.993 43.928 36.183 7.745 163.629 0.1534 
9.374 53.302 44.984 8.317 173.254 0.1285 
9.694 62.996 53.786 9.210 178.067 0.1114 
9.953 72.949 63.076 9.873 182.879 0.0997 
10.151 83.100 72.366 10.734 182.879 0.0925 
10.380 93.480 81.657 11.824 182.879 0.0822 
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APPENDIX C: EXPERIMENTAL DATA AND CALCULATED RESULTS FOR 
CONTINUOUS THICKENING EXPERIMENTS USING 
MARSHALLTOWN WATER TREATMENT PLANT SLUDGE 
Table Ol. E}^)eri]nent:éLL data and calculated results for continuous 
thickening eiqperiment Marshl 
FUN #: Marshl DATE: 6/23/87 TIME: 2:00 pn 
TEMP. C: 24 visœsnv, Kg/ta-s: 0.00091528 
DENSITY, : 997.270 
MASS BAIANŒ CAIOJIATIONS 
Flow Bate SS Gone. Flux Ave Flux % 
ml/hin g/l I%An2-s*1000 
Overflow 82 0.022 0.002 
Uhderflow 26 165.27 4.672 
Influent 108 44.59 5.236 4.96 
Error in 
Balance 
11.3 
Measured Oor. Mano. Meas.Mano. Superfic 
Port # Hei^t, cm Ocaic. g/l Gone, g/l R3ng., mm Rdng., mm Vel mn/s 
OVER 110.8 0 0.022 0 
1 96.5 0 0 
2 86.4 2.6 2.57 0 0 1.7688 
3 76.2 2.7 3.03 0 0 1.7022 
4 66.04 2.8 2.84 0.1 0.1 1.6404 
IMT 56.2 2.8 0.3 1.6404 
5 55.88 50.5 50.52 0.6 0.6 0.0643 
6 45.72 109.4 109.4 5.7 5.7 0.0144 
7 40.64 117.1 117.1 9.2 9.3 0.0116 
8 35.56 124.6 124.6 12.9 12.8 0.0092 
9 30.48 129.1 128.1 16.9 16.3 0.0079 
10 25.4 133.2 133.7 21.1 20.5 0.0068 
11 20.32 136.4 132.7 25.3 25.3 0.0060 
12 15.24 139.1 139.8 29.6 29.5 0.0053 
13 10.16 141.5 133.6 33.7 33.7 0.0047 
14 5.08 143.5 143.9 37.9 38 0.0043 
15 0 145 141.1 42.2 42.2 0.0040 
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Incr. Buoy. cum. Buoy Excess Pare Eff. Strs dp/dx k 
Eres.N/ta'2 Pres.N/ta'2 PFes.,N/ta"2 N/ta"2 Kg/jm"2-s"2 m"2*10"9 
0.794 0.794 
1.634 2.428 
1.689 4.116 
1.665 5.782 
0.515 6.297 
56.089 62.387 
34.776 97.163 
37.110 134.272 
38.952 173.225 
40.273 213.498 
41.394 254.891 
42.299 297.190 
43.082 340.273 
43.758 384.031 
44.295 428.326 
0.000 
0.000 
0.978 
2.934 
5.868 0.430 
55.742 6.645 
89.969 7.194 
126.152 8.120 
165.269 7.956 
206.342 7.156 
247.414 7.477 
289.465 7.725 
329.560 10.713 
370.633 13.398 
412.683 15.643 
490.886 0.1198 
582.326 0.0227 
693.016 0.0154 
741.142 0.0114 
789.268 0.0092 
808.519 0.0077 
818.144 0.0067 
808.519 0.0060 
798.894 0.0054 
818.144 0.0048 
827.769 0.0044 
Table 0-2. Ei^ser incitai data and calculated results for continuous 
thickening experiment Marsh2 
FUN #: MarGh2 DATE: 6/24/87 TIME: 2:30 am 
TEMP. C: 26.5 Visoosm, Kg/in-s: 0.00086638 
DENSHY, Ka/ta"3: 996.612 
MASS BAIANŒ CAICUIATIONS 
Flow Bate SS Gone. Flux Ave Flux % Error in 
nl/min g/1 I%/bi2-s*1000 Balance 
Overflow 126 0.028 0.004 
Underflow 50 142.37 7.740 
Influent 176 42.09 8.055 7.90 3.9 
Measured Oor. Mano. Meas.Mano. Si^perfic 
Port # Heic^t, cm Gone, g/1 Cane, g/1 Bdng., mm Rdng., ran Vel m/s 
OVER 110.8 0 0.028 0 
1 96.5 0 0 
2 86.4 5.4 5.35 0 0 1.3790 
3 76.2 5.4 5.58 0.4 0.7 1.3790 
4 66.04 5.4 5.34 0.7 0.7 1.3790 
INT 58.7 5.4 1 1.3790 
5 55.88 65.3 65.32 2.2 2.2 0.0642 
6 45.72 115.3 115.3 7.9 7.9 0.0128 
7 40.64 121.8 116.4 11.8 11.8 0.0092 
8 35.56 126.5 126.5 15.5 15.5 0.0068 
9 30.48 130 131.8 19.4 18.7 0.0052 
10 25.4 132.5 133 23.2 22.8 0.0040 
11 20.32 134 133 27 26.9 0.0034 
12 15.24 135 138.7 31 31 0.0030 
13 10.16 135.8 133.8 34.7 34.7 0.0026 
14 5.08 136.2 133.3 38.4 38.4 0.0025 
15 0 137 132.8 42.5 43.6 0.0021 
Incr. Buoy. cum. Buoy Excess Pore Eff. Strs dp/dx. 
Rres.N/ta'2 Pres.N/ta'2 Pres.,N/ta"2 N/ta"2 Kg/m'2-s"2 
k 
m'2*10'9 
1.649 1.649 0.000 
3.331 4.980 3.909 
3.318 8.298 6.841 
2.397 10.695 9.773 
9.518 20.213 21.500 -1.287 482.070 0.1014 
60.200 80.413 77.205 3.208 649.274 0.0170 
36.419 116.832 115.319 1.513 731.035 0.0109 
38.139 154.970 151.478 3.492 731.035 0.0081 
39.398 194.369 189.592 4.777 740.654 0.0061 
40.320 234.689 226.729 7.960 731.035 0.0048 
40.934 275.623 263.865 11.758 750.273 0.0039 
41.318 316.942 302.956 13.985 740.654 0.0035 
41.595 358.536 339.116 19.421 711.797 0.0032 
41.779 400.316 375.275 25.041 750.273 0.0028 
41.963 442.279 415.343 26.936 788.748 0.0023 
Table 0-3. E>9)erimental data and calculated results for ccmbixiuous 
thickening e)qperiment Mar^O 
HJN #: MarshS DATE: 6/24/87 TIME: 9:45 am 
TEMP. C: 25 VISCDSnY, Kg/m-S: 0.00089519 
DENSnY, 997.014 
MASS BAIANŒ CALOUIATIONS 
Flew Rate SS Oono. Flux Ave Flux % Error in 
xnl/min g/1 Kg/m2-s*1000 Balance 
Overflow 116 0.026 0.003 
Underflow 47 139.14 7.111 
Influent 163 43.67 7.740 7.43 8.4 
Measured Oor. Mano. Meas.Mano. Siperfic 
Port # Height, cm Cane, g/1 Cono. g/1 Rdng., mm Rdng., mn Vel rni/s 
OVER 110.8 0 0.026 0 
1 96.5 0 0 
2 86.4 5.9 5.87 0.1 0.1 1.1541 
3 76.2 5.95 6 0.4 0.4 1.1440 
4 66.04 5.95 5.92 0.6 0.6 1.1440 
5 55.88 6.05 6.09 0.8 1.4 1.1242 
mr 47.1 6.1 1.1 1.1146 
6 45.72 58.7 58.66 1.8 1.8 0.0700 
7 40.64 100.9 100.9 4.2 4.2 0.0194 
8 35.56 112 108 7 7.1 0.0124 
9 30.48 117.6 119.7 10.1 10.2 0.0094 
10 25.4 121.1 120.8 13.7 13.7 0.0076 
11 20.32 123.6 120.9 17.8 17.9 0.0064 
12 15.24 125.4 126.6 22 22 0.0056 
13 10.16 126.7 126.8 25.9 25.6 0.0050 
14 5.08 127.5 129 29.9 29.9 0.0047 
15 0 128.1 123.7 34 34 0.0044 
Inez*. Buoy. Cum. Buoy Excess Bore Eff. Strs dp/àx 
Eres.N/ta"2 Eres.N/ta*2 Eres.,N/in"2 N/ta"2 I^"2-s"2 
k 
m"2*10"9 
1.801 1.801 0.978 
3.654 5.455 3.911 
3.655 9.110 5.866 
3.685 12.795 7.821 
3.225 16.020 10.754 
2.703 18.723 17.598 1.125 478.906 0.1309 
26.531 45.255 41.062 4.192 500.383 0.0347 
32.693 77.948 68.437 9.511 567.743 0.0195 
35.258 113.205 98.745 14.461 644.725 0.0130 
36.655 149.861 133.941 15.919 740.952 0.0092 
37.576 187.437 174.026 13.411 798.689 0.0072 
38.237 225.674 215.088 10.586 779.443 0.0064 
38.713 264.387 253.217 11.170 760.198 0.0059 
39.035 303.422 292.324 11.098 779.443 0.0054 
39.250 342.672 332.409 10.264 789.066 0.0050 
Table 0-4. Experinaital data and calculated results for continuous 
thickening e)^)eriment MarBh4 
FUN #: Marsh4 DATE: 6/24/87 TIME: 7:30 pm 
TEMP. C: 25.1 Visoosm, Kg/m-s: 0.00089322 
DENSm, K3/m"3: 996.988 
MASS BAIANCE CAICUIAHOIS 
Flew Rate SS Gone. Flux Ave Flux % Error in 
ral/min g/1 Yig/w2'S*1000 Balance 
Overflow 82 0.030 0.003 
Underflow 29 154.20 4.779 
Influent 111 45.31 5.444 5.11 13.0 
Measured Oor. Mano. Meas.Mano. Si^)erfic 
Port # Heic^t, can Oonc. g/1 Gone, g/1 Rdng., nm Rdng., mn Vel rm/s 
OVER 110.8 0 0.03 0 
1 96.5 0 0 
2 86.4 3.8 3.76 0.2 0.2 1.2265 
3 76.2 3.8 3.76 0.4 0.4 1.2265 
4 66.04 3.8 3.82 0.6 0.4 1.2265 
5 55.88 3.9 3.9 0.8 1.4 1.1943 
INT 52.6 3.9 1 1.1943 
6 45.72 101.1 101.1 3.1 3.1 0.0163 
7 40.64 116.7 116.7 6.3 6.3 0.0100 
8 35.56 123.1 122.7 9.5 9.5 0.0078 
9 30.48 129 132.8 12.9 12.9 0.0061 
10 25.4 133.1 131.6 17.1 17.1 0.0049 
11 20.32 136.2 138.1 21.5 21.7 0.0041 
12 15.24 138.1 139.4 25.7 25.7 0.0036 
13 10.16 139.8 134.1 30 30.2 0.0032 
14 5.08 140.9 138.2 34.3 34.3 0.0029 
15 0 141.8 136.3 38.5 39.5 0.0027 
Incr. Buoy. Cum. Buoy Excess Pore Eff. Strs dp/dx 
Pres.N/m"2 Pres.N/m^2 Pres.,N/ta'2 N/m"2 Kg^"2-s*2 
k 
m"2*10"9 
1.160 1.160 1.955 
2.343 3.504 3.911 
2.334 5.838 5.866 
2.365 8.203 7.821 
0.773 8.976 9.776 
35.018 43.993 30.307 13.686 457.125 0.0236 
33.446 77.440 61.592 15.848 615.840 0.0144 
36.825 114.264 92.876 21.388 635.085 0.0110 
38.713 152.978 126.116 26.861 731.310 0.0074 
40.249 193.227 167.178 26.049 827.535 0.0053 
41.355 234.582 210.194 24.388 827.535 0.0044 
42.123 276.704 251.255 25.449 817.913 0.0039 
42.675 319.380 293.294 26.086 827.535 0.0034 
43.105 362.485 335.333 27.152 817.913 0.0032 
43.413 405.897 376.394 29.504 808.290 0.0030 
Tgdsle 0-5. Ebgerimental data and calculated results for continuous 
thickening e}q)eriinent MarehS 
RUN #: MarshS DATE: 6/25/87 TIME: 8:30 am 
TEMP. C: 24.1 Viscxxsm, %/m-s: 0.00091324 
DENSITY, I%/h'3: 997.245 
MASS BAIANŒ CAICUIATIONS 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/min g/1 I%An2-s*1000 Balance 
Overflow 125 0.070 0.010 
Underflow 80 95.89 8.341 
Influent 205 45.73 10.193 9.27 19.9 
Measured Oor. Mano. Heas.Mano. Simerfic 
Port # Hei^t, cm Gone, g/1 Gone, g/1 Rdng., mm Rdng., mm Vel mn/s 
OVER 110.8 0 0.07 0 
1 96.5 0 0 0 
INT 92 0 0 
2 86.4 42.6 42.58 0.9 0.9 0.1088 
3 76.2 55 57.7 3.4 3.4 0.0647 
4 66.04 56.5 56.22 6.7 6.7 0.0606 
5 55.88 58 57.78 10.2 10.4 0.0568 
6 45.72 59.2 29.34 13.7 13.7 0.0539 
7 40.64 59.9 59.86 15.4 15.4 0.0523 
8 35.56 60.6 60.76 17.1 17.3 0.0507 
9 30.48 61.2 60.72 18.9 18.8 0.0493 
10 25.4 62 60.88 20.6 19.4 0.0475 
11 20.32 62.6 62.02 22.4 21.8 0.0463 
12 15.24 63.2 63.96 24.1 23.5 0.0450 
13 10.16 64 61.24 25.8 25.5 0.0433 
14 5.08 64.8 64.68 27.5 27.2 0.0417 
15 0 66 66.5 29.3 29.4 0.0394 
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Incr. Buoy. Cum. Buoy Excess Pore Eff. Strs #/dx k 
Pres.N/ta"2 Pres.N/ta"2 Eres.,N/ta"2 N/ta"2 I%/h"2-s"2 m"2*10"9 
7.210 
30.089 
34.239 
35.160 
35.990 
18.287 
18.501 
18.701 
18.916 
19.131 
19.315 
19.530 
19.776 
20.083 
7.210 
37.299 
71.538 
106.699 
142.689 
160.975 
179.477 
198.178 
217.094 
236.225 
255.540 
275.070 
294.846 
314.929 
8.801 
33.249 
65.519 
99.746 
133.972 
150.596 
167.221 
184.823 
201.447 
219.049 
235.673 
252.298 
268.922 
286.524 
-1.591 
4.051 
6.019 
6.953 
8.716 
10.379 
12.256 
13.355 
15.647 
17.175 
19.866 
22.772 
25.924 
28.405 
198.422 
278.653 
327.249 
336.874 
332.062 
327.249 
336.874 
336.874 
336.874 
336.874 
327.249 
327.249 
336.874 
346.499 
0.5008 
0.2120 
0.1692 
0.1541 
0.1483 
0.1459 
0.1373 
0.1337 
0.1289 
0.1254 
0.1256 
0.1210 
0.1131 
0.1038 
Table 0-6. E)$erimental data and calculated results for continuous 
thickening experiment Marshe 
FUN #: Marshe DATE: 7/14/87 TIME: 10:30 pro 
TEMP. C: 23.1 VISCXXSnY, Yig/tttSi 0.00093403 
EENSrre, %/jm"3: 997.491 
MASS BALANCE CAICUIATIONS 
Flow Rate SS Gone. Flux Ave Flux % Error in 
ml/min q/1 Kg/m2-s*1000 Balance 
Overflow 146 0.056 0.009 
underflow 32 200.99 6.993 
Influent 178 37.37 7.233 7.12 3.2 
Measured Cor. Mano. Meas.Fbno. Stg)erfic 
Port # Heic^t, an Cone, g/1 Cone, g/1 Rdng., irnn Rdng., nm Vel nrn/s 
OVER 110.8 0 0.056 0 
1 96.5 0 0 
2 86.4 4.5 4.2 0.1 0 1.5193 
3 76.2 4.5 4.71 0.3 0.3 1.5193 
4 66.04 4.5 4.61 0.6 0.8 1.5193 
5 55.88 4.5 4.49 0.8 0.8 1.5193 
6 45.72 4.5 4.51 1.1 1.2 1.5193 
INT 43.2 4.5 1.2 1.5193 
7 40.64 119.6 119.6 3 3 0.0237 
8 35.56 148.2 148.2 6.9 7.1 0.0124 
9 30.48 157 154.5 11.1 11.1 0.0097 
10 25.4 163 165.5 15.8 15.8 0.0081 
11 20.32 168 172 21 21.3 0.0068 
12 15.24 172 165.4 26.5 26.7 0.0059 
13 10.16 176 172.8 31.8 31.9 0.0049 
14 5.08 179 179.1 37.2 37 0.0043 
15 0 182 182.6 43 43 0.0036 
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Incar. Buoy. CUm. Buoy Excess Eff. Stzs dp/dx k 
Eces.N/ta"2 Pres.N/ta"2 Pres.,N/m"2 N/m'2 Kg/m"2-s"2 m"2*10'9 
1.373 1.373 0.978 
2.774 4.148 2.934 
2.763 6.911 5.869 
2.763 9.674 7.825 
2.763 12.437 10.760 
0.685 13.123 11.738 
15.118 28.241 29.344 -1.104 719.344 0.0307 
42.214 70.455 67.492 2.963 779.816 0.0148 
46.853 117.308 108.574 8.734 856.835 0.0106 
49.125 166.433 154.546 11.887 953.109 0.0079 
50.814 217.247 205.409 11.837 1030.127 0.0062 
52.195 269.442 259.207 10.235 1039.755 0.0053 
53.423 322.865 311.048 11.817 1030.127 0.0045 
54.498 377.364 363.868 13.496 1078.264 0.0037 
55.419 432.783 420.600 12.183 1116.774 0.0030 
Table C-7. Eiqierimental data and calculated results for oontinuous 
-Uiickening e>qpexiaex± Marsh? 
FUN #: Marsh? DME: ?/15/8? TIME: 6:30 pm 
TEMP. C: 23.5 Visœsmr, Kg/h-S: 0.00092562 
DENSITY, I^'3: 99?.394 
MASS BAIANCE CAICUIATIONS 
Flow Rate SS Oono. Flux Ave Flux % Error in 
ml/tain g/1 I%An2-s*1000 Bedanoe 
Overflow 230 0.088 0.022 
Underflow 44 205.11 9.75? 
Influent 2?4 34.58 10.293 10.04 5.1 
Measured Oor. Mano. Meas.Mano. Siperfic 
Port # Hei^t, cm Gone, q/1 Omc. g/1 Rdng., mm Rdng., mm Vel mm/s 
OVER 110.8 0 0.088 0 
1 96.5 0 0 
2 86.4 4.5 9 0.3 0 2.1207 
3 76.2 4.5 9.44 0.8 0.5 2.120? 
4 66.04 4.5 8.92 1.5 1.5 2.1207 
5 55.88 4.5 9.52 2.1 2.2 2.1207 
6 45.72 4.5 9.35 2.7 2.7 2.1207 
INT 44.1 4.5 2.8 2.1207 
? 40.64 84.3 84.26 4.3 4.3 0.0682 
8 35.56 142.1 142.1 7.9 7.9 0.0211 
9 30.48 161 154 12.4 12.5 0.0130 
10 25.4 171.5 169.3 17.2 17.1 0.0093 
11 20.32 179 170.1 22.4 22.7 0.0069 
12 15.24 184 190.2 27.8 28 0.0055 
13 10.16 188.2 173.9 33.4 33.4 0.0043 
14 5.08 191.5 194.2 39.6 39.6 0.0034 
15 0 194 183.7 45.7 45.7 0.0027 
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mer. Buoy. Cum. Buoy Exoess Pore Eff. Stzs dp/dx k 
Eres.N/ta"2 Eres.N/ta"2 Eres.,N/ta*2 N/ta"2 KgAn"2-s"2 m'2*10"9 
1.374 1.374 2.934 
2.774 4.148 7.824 
2.763 6.911 14.671 
2.763 9.675 20.539 
2.763 12.438 26.407 
0.441 12.879 27.385 
12.044 24.923 42.056 -17.133 558.555 0.1130 
37.762 62.685 77.265 -14.580 779.740 0.0250 
46.533 109.219 121.277 -12.059 895.257 0.0135 
51.047 160.266 168.224 -7.958 962.642 0.0090 
53.811 214.076 219.082 -5.005 1020.401 0.0063 
55.730 269.806 271.896 -2.090 1058.906 0.0048 
57.142 326.948 326.667 0.281 1135.918 0.0035 
58.293 385.241 387.306 -2.064 1184.050 0.0026 
59.184 444.425 446.966 -2.541 1174.423 0.0021 
Table 0-8. Ejqjerimenfcal data and calculated results for oomtinuous 
thickening ejqjeriment MarshSR 
FUN #: Mar^SR DATE: 7/16/87 TIME: 12:45 pm 
TEMP. C: 24 Visœsm, Kg/k-S: 0.00091528 
DENSnY, Ki/ta"3: 997.270 
MASS BAIANCE CMCOIATIONS 
Flew Bate SS Ocna, Flux Ave Flux % Error in 
ml/min g/1 I%An2-s*1000 Balance 
Overflew 146 0.042 0.007 
Underflow 29 185.90 5.862 
Influent 175 35.43 6.742 6.31 13.8 
Measured Oor. Mano. Meas.Mano. Simerfic 
art # Hëi^t, an Gone, g/1 Oonc. g/1 Rdng.y mm Rdng., mm Vel mm/s 
OVEI^ 110.8 0 0.042 0 
1 96.5 0 0 
2 86.4 5.6 5.66 0 0 1.0153 
3 76.2 5.7 5.7 0.2 0.2 0.9969 
4 66.04 5.8 5.53 0.4 0.4 0.9792 
5 55.88 6 6.08 0.7 0.7 0.9455 
INT 46.9 6 0.8 0.9455 
6 45.72 91.1 91.14 1.5 1.5 0.0328 
7 40.64 127.8 127.8 5.2 5.1 0.0143 
8 35.56 134.6 134.6 9.4 9.5 0.0120 
9 30.48 139.1 139.1 13.5 13.7 0.0106 
10 25.4 142 140.6 17.6 17.5 0.0097 
11 20.32 144.5 144.5 22 22 0.0090 
12 15.24 148.1 149 26.3 26.3 0.0080 
13 10.16 151.5 151.5 31.1 31.1 0.0072 
14 5.08 157 157 35.5 35.5 0.0058 
15 0 167.6 167.6 40.5 40.5 0.0034 
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Incr. Buoy. CUm. Buoy Excess Pare Ef£. Strs dp/àx k 
Eres.N/ta*2 Pres.N/ta'2 Pres.,N/ta"2 N/ta'2 Rg/ta"2-s"2 m"2*10"9 
1.709 1.709 0.000 
3.484 5.193 1.956 
3.531 8.724 3.912 
3.623 12.348 6.845 
3.257 15.605 7.823 
3.463 19.068 14.669 4.399 646.195 0.0465 
36.903 55.971 50.852 5.119 760.393 0.0173 
40.288 96.259 91.925 4.334 798.894 0.0138 
42.023 138.282 132.020 6.263 789.268 0.0123 
43.159 181.441 172.114 9.327 818.144 0.0109 
43.988 225.430 215.143 10.287 837.394 0.0099 
44.925 270.355 257.194 13.161 875.895 0.0084 
46.000 316.354 304.134 12.220 885.521 0.0074 
47.366 363.720 347.163 16.558 904.771 0.0059 
49.838 413.558 396.059 17.500 962.522 0.0033 
Table C-9. Ib^ierimmkal data and calculated results for continuous 
thickening experiment Marsh9R 
RUN #: MarshSR DATE: 7/16/87 TIME: 7:30 pn 
TEMP. C: 24 VISGOSm, Kg/h-S: 0.00091528 
DENSITY, : 997.270 
MASS BAIANŒ GAICUIATIONS 
Flow Rate SS Ocnc. Flux Ave Flux % Error in 
mL/min g/1 Kg/hi2-s*1000 Balance 
Overflow 210 0.070 0.016 
Underflow 61 132.79 8.808 
Influent 271 35.38 10.425 9.62 16.6 
Measured Oor. Mano. Meas.Mano. Stperfic 
Port # Hei^t, on Gone, g/1 Gone, g/1 Râng., mm Rdng., mm Vel nrn/s 
OVER 110.8 0 0.07 0 
1 96.5 0 0 
2 86.4 10.9 10.92 0.7 0.7 0.7417 
3 76.2 11 11.07 1.4 1.1 0.7344 
4 66.04 11.1 11.06 2 2 0.7272 
5 55.88 11.8 11.84 2.6 2.6 0.6801 
INT 51.1 11.9 2.8 0.6738 
6 45.72 92.5 92.46 5.8 5.8 0.0289 
7 40.64 103.7 103.7 8.9 8.9 0.0186 
8 35.56 107.8 107.8 12.1 12.1 0.0154 
9 30.48 109.9 109.9 15.4 15.4 0.0138 
10 25.4 112 114 18.6 18.6 0.0123 
11 20.32 113.8 111.4 22.3 22.3 0.0111 
12 15.24 114.8 114.8 25.8 25.8 0.0104 
13 10.16 115.8 113.5 29.7 29.7 0.0097 
14 5.08 116.2 118.6 33.1 33.1 0.0095 
15 0 116.3 116.3 37.2 37.2 0.0094 
Incr. Buoy. Cum. Buoy Excess Pore Eff. Strs dp/dx 
Pres.N/ta"2 Pres.N/ta"2 Pres.,N/ta'2 N/ta"2 %/b"2-s"2 
k 
m'2*10"9 
3.327 3.327 6.845 
6.751 10.079 13.691 
6.786 16.865 19.558 
7.032 23.897 25.426 
3.424 27.321 27.382 
24.639 51.960 56.720 -4.760 571.037 0.0463 
30.124 82.084 87.035 -4.951 606.389 0.0281 
32.473 114.557 118.329 -3.772 625.640 0.0225 
33.425 147.982 150.600 -2.618 625.640 0.0202 
34.070 182.052 181.894 0.158 664.140 0.0170 
34.669 216.720 218.077 -1.356 693.016 0.0146 
35.099 251.819 252.304 -0.485 712.267 0.0134 
35.406 287.224 290.443 -3.219 702.641 0.0127 
35.621 322.845 323.692 -0.847 721.892 0.0120 
35.697 358.542 363.787 -5.245 789.268 0.0109 
Table C-10. E)q)erjjnaïtal data and calculated results for continuous 
thickening e9^)eriinent MarshlO 
BUNT #: Marsh 10 DKTE: 8/18/87 TIME: 7:00 pra 
TEMP. C: 23 VIsœSITÏ, Kg/m-s: 0.00093616 
EŒNSrrï, 1^*3: 997.515 
MASS BALANCE CAIiCUlAnŒS 
Flew Rate SS Cone. flux Ave Flux % Error in 
ml/ïnin g/1 Kg/bi2-s*1000 Balance 
Overflow 133 0.028 0.004 
underflow 61 83.12 5.468 
Influent 194 27.34 5.752 5.61 5.0 
Measured Cor. Mano. Meas.Mano. Siperfic 
Port # Beic^t, an Cone, g/1 Cone, g/1 Rdng.y mn Rdng., mm Vel m/s 
OVER 110.8 0 0.028 0 
1 96.5 0 0 
2 86.4 3.7 3.71 0 0 1.4121 
3 76.2 3.9 3.89 0.5 0.5 1.3363 
4 66.04 4 3.98 0.6 0.6 1.3012 
INT 63.4 4 0.62 1.3012 
5 55.88 46.1 46.06 1.7 1.7 0.0528 
6 45.72 65.8 65.84 4.8 4.8 0.0173 
7 40.64 69.2 69.16 6.9 6.7 0.0132 
8 35.56 71 70.18 9.1 9.1 0.0112 
9 30.48 72.5 72.56 11.1 11.1 0.0096 
10 25.4 74 73.36 13.2 13.1 0.0081 
11 20.32 75.2 75.74 15.5 15.5 0.0069 
12 15.24 76.3 75.94 17.7 17.7 0.0059 
13 10.16 77.4 76.64 19.8 20.1 0.0049 
14 5.08 78.3 77.94 22.1 22.2 0.0040 
15 0 79.3 79.3 24.9 24.9 0.0032 
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Incar. Buoy. Cum. Buoy Excess Bore Eff. Strs dp/dx k 
Pres.N/ta"2 Pres.N/te"2 Pres.,N/ta*2 N/te'2 Kg^"2-s'2 m'2*10"9 
1.127 1.127 0.000 
2.337 3.464 4.891 
2.420 5.883 5.869 
0.637 6.520 6.065 
14.915 21.435 16.629 4.806 219.468 0.2253 
34.274 55.708 46.952 8.757 351.407 0.0461 
20.674 76.383 67.493 8.890 413.986 0.0299 
21.471 97.854 89.013 8.841 404.359 0.0260 
21.976 119.830 108.576 11.254 394.731 0.0229 
22.436 142.266 129.118 13.148 423.614 0.0179 
22.849 165.115 151.615 13.499 433.242 0.0150 
23.201 188.316 173.135 15.181 413.986 0.0133 
23.538 211.854 193.676 18.178 423.614 0.0107 
23.845 235.699 216.174 19.525 491.007 0.0077 
24.136 259.835 243.563 16.272 539.145 0.0055 
Table Oil. Ej^jerimenbal data and calculated results for continuous 
thickening e}g)eriinent Marshll 
RUN #: Marsh 11 DATE: 8/19/87 TIME: 7:45 am 
TEMP. C: 23 VlSOOSny, Kg/m-s: 0.00093616 
DENSm, Kg/m'3 : 997.515 
MASS BAIANŒ CAICUIATIONS 
Flew Rate SS done. Flux Ave Flux % Error in 
ml/min g/1 %/^-s*1000 Balance 
Overflow 81 0.028 0.002 
Uhderflow 29 101.89 3.213 
Influent 110 27.74 3.318 3.27 3.1 
Measured Oor. Mano. Meas.I&no. Siperfic 
Port # Hei^t, cm Gone, g/1 Cone, g/1 Rdng.f ran Rdng., mm Vel m/s 
OVER 110.8 0 0.028 0 
1 96.5 0 0 
2 86.4 1.9 1.88 0.1 0.1 1.6595 
3 76.2 2.2 2.24 0.2 0.2 1.4289 
4 66.04 2.1 2.07 0.3 0.3 1.4984 
5 55.88 2.1 2.13 0.4 0.8 1.4984 
INT 51.3 2.1 0.45 1.4984 
6 45.72 54.5 54.54 1.8 1.8 0.0274 
7 40.64 63.5 64.2 3.7 3.7 0.0191 
8 35.56 69.4 68.2 5.6 5.8 0.0148 
9 30.48 73.7 73.7 7.6 7.7 0.0121 
10 25.4 77.5 75.2 9.9 10 0.0099 
11 20.32 80.5 81.3 12.3 12.3 0.0084 
12 15.24 83 81.6 14.8 14.6 0.0072 
13 10.16 85 85.5 17.4 17.5 0.0063 
14 5.08 86.8 87.5 19.7 19.4 0.0055 
15 0 88.2 87.4 21.9 21.8 0.0049 
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Incr. Buoy. cum. Bucy Excess Pore Eff. Strs àp/€ûc k 
Pres.N/ta"2 Pres.N/ta"2 Pres.,N/ta"2 N/ta"2 I%/b"2-s"2 m'2*10"9 
0.579 0.579 0.978 
1.261 1.839 1.956 
1.317 3.156 2.934 
1.286 4.443 3.913 
0.580 5.023 4.402 
14.089 19.112 17.607 1.505 301.250 0.0852 
18.071 37.183 36.192 0.991 365.848 0.0488 
20.353 57.536 54.777 2.759 375.476 0.0368 
21.915 79.451 74.340 5.110 413.986 0.0273 
23.155 102.606 96.838 5.768 452.497 0.0205 
24.197 126.803 120.314 6.489 471.752 0.0166 
25.039 151.842 144.768 7.074 491.007 0.0137 
25.728 177.570 170.200 7.370 471.752 0.0124 
26.310 203.880 192.698 11.182 433.242 0.0118 
26.800 230.681 214.218 16.463 423.614 0.0108 
Table 0-12. Esqjerinental data and calculated results for omtinuous 
thickening e}^)eriinent Marshl2R 
FUN #: Marsh 12R DAIE: 8/19/87 TIME: 4:30 pm 
TEMP. C: 23 VISOOSITJr, Kg/m-S: 0.00093616 
DENSnY, Ki/ta"3: 997.515 
MASS EAIANŒ GAIOHATIOMS 
Flew Bate SS Gone. Flux Ave Flux % Error in 
ml/tain g/1 Kg/in2-s*1000 Balance 
Overflow 124 0.044 0.006 
Underflow 89 56.94 5.510 
Influent 213 28.03 6.492 6.00 16.2 
Measured Gor. Mano. Meas.Mano. Simerfic 
Port # Hei^t, an Gone, g/1 Gone, g/1 Bdng.f mm Rang, y nan Vel m/s 
OVER 110.8 0 0.044 0 
1 96.5 0 0 
2 86.4 6 5.98 0.1 0 0.8216 
3 76.2 6 6.02 0.2 0.2 0.8216 
4 66.04 6.8 6.76 0.6 0.6 0.7136 
INT 64 6.8 0.62 0.7136 
5 55.88 34.4 34.4 2 2 0.0634 
6 45.72 40.3 40.18 4.3 4.3 0.0400 
7 40.64 42.5 42.46 5.6 5.8 0.0329 
8 35.56 44.4 44.62 7 7.2 0.0273 
9 30.48 45.6 45.78 8.4 8.2 0.0241 
10 25.4 46.4 45.04 9.7 9.7 0.0220 
11 20.32 47 47 11.1 11.1 0.0205 
12 15.24 47.2 47.16 12.5 12.6 0.0200 
13 10.16 47.3 47.26 14 14.1 0.0197 
14 5.08 47.9 48.6 15.5 15.5 0.0183 
15 0 48 46.78 17 16.9 0.0180 
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Incar. Buoy. Cum. Buoy Excess Pore Eff. Stxs dp/dx k 
Eres.N/ta"2 Pres.N/ta'2 Eres.,N/ta"2 N/ta'2 Kg/h"2-s'2 m"2*10"9 
1.827 1.827 0.978 
3.690 5.517 1.956 
3.920 9.437 5.869 
0.836 10.274 6.065 
13.319 23.593 19.563 4.030 193.837 0.3062 
22.880 46.473 42.061 4.412 235.876 0.1586 
12.680 59.153 54.777 4.376 259.945 0.1184 
13.308 72.461 68.471 3.990 269.573 0.0949 
13.783 86.244 82.166 4.079 259.945 0.0867 
14.089 100.334 94.882 5.452 259.945 0.0792 
14.304 114.637 108.576 6.061 269.573 0.0711 
14.426 129.064 122.270 6.793 279.200 0.0670 
14.472 143.536 136.943 6.593 288.828 0.0639 
14.579 158.115 151.615 6.500 288.828 0.0592 
14.687 172.802 166.288 6.514 288.828 0.0584 
Table 0-13. Ei^ieriinental data and calculated results for continuous 
thickening eigieriment Marshl3R 
BUN #: MarshlSR DATE: 8/20/87 TIME: 7:45 am 
TEMP. C: 23 VrSOOSlTÏ, Kgt/ta-s: 0.00093616 
DENSnY, Ki/m"3: 997.515 
MASS BAIANŒ CAIOJIATIGNS 
Flow Bate SS Gone. Flux Ave Flux % Error in 
nl/nin g/1 Vig/a2s*1000 Balance 
Overflow 74 0.008 0.001 
Underflow 33 97.81 3.456 
Influent 107 28.71 3.325 3.39 3.9 
Measured Oor. Mano. Meas.Mano. Simerfic 
Port # Heic^t, cm Gone, g/1 Gone, g/1 Rang., mm Rdng., ntn Vel m/s 
OVER 110.8 0 0.008 0 
1 96.5 0 0 
2 86.4 2.5 2.49 0.1 0 1.3473 
3 76.2 2.6 2.8 0.2 0.2 1.2941 
4 66.04 2.7 2.73 0.3 0.2 1.2448 
5 55.88 2.8 2.84 0.4 0.4 1.1991 
INT 50.3 2.9 0.5 1.1566 
6 45.72 52.5 52.46 1.6 1.6 0.0305 
7 40.64 60 62.24 3.4 3.3 0.0223 
8 35.56 63.2 65.52 5.2 5.4 0.0194 
9 30.48 65.6 68.08 7.2 7.2 0.0174 
10 25.4 67.2 68.12 9.1 9.4 0.0161 
11 20.32 68.6 64.5 11.1 11.1 0.0150 
12 15.24 69.6 66.5 13.2 13.2 0.0143 
13 10.16 70.2 63.98 15.5 15.5 0.0139 
14 5.08 71 66.46 17.6 17.4 0.0133 
15 0 71.6 71.62 19.8 19.5 0.0129 
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Incr. Buoy. Cum. Buoy Excess Pare Eff. Strs dp/àx k 
Pres.N/ta'2 Pres.N/ta"2 Pres.,N/ta"2 N/m'2 Kg/h"2-s"2 m'2*10"9 
0.761 0.761 0.978 
1.568 2.329 1.956 
1.623 3.953 2.934 
1.685 5.637 3.913 
0.959 6.596 4.891 
10.589 17.185 15.651 1.535 290.762 0.0982 
17.229 34.414 33.258 1.157 346.593 0.0602 
18.867 53.281 50.864 2.417 365.848 0.0495 
19.725 73.006 70.428 2.579 375.476 0.0433 
20.338 93.344 89.013 4.331 375.476 0.0401 
20.797 114.141 108.576 5.565 394.731 0.0357 
21.165 135.306 129.118 6.188 423.614 0.0317 
21.410 156.715 151.615 5.100 423.614 0.0307 
21.624 178.339 172.157 6.182 413.986 0.0302 
21.838 200.178 193.676 6.501 423.614 0.0286 
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APPENDIX D: AGGREGATE CHARACTERISTIC DATA FOR AMES AND 
MARSHALLTOWN WATER TREATMENT PLANT SLUDGES 
341 
Table D-1. Aggregate characteristic data collected during 
continuous thickening tests Amesl through 
AxnesSR 
Hindered Settling Test Results 
Date Solids 
Concentration, g/L 
Interface (V,itaB/s)^'**®® 
Recession 
Velocity, 
cn/min. 
5/31/87 17.04 0.458 0.575 
6/1/87 3.17 5.093 0.965 
6.62 3.439 0.887 
7.91 2.483 0.827 
11.27 1.396 0.731 
17.07 0.418 0.564 
6/2/87 15.97 0.385 0.554 
6/3/87 16.91 0.383 0.553 
6/4/87 17.4 0.329 0.536 
Calculated Aggregate Characteristics' 
Date Aggregate Density, 
q/cw? 
Aggregate Diameter, 
microns 
6/1/87 1.022 331 
'Measured particle density = 2.55 g/cm^. 
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Table D-2. Aggregate characteristic data collected during 
continuous thickening tests Ames? through Amesl2 
Hindered Settling Test Results 
Date Solids 
Concentration, g/L 
Interface 
Recession 
Velocity, 
cm/min. 
(V,inm/s)^/**®® 
6/8/8? 3.63 5.235 0.9?1 1 
6.41 3.225 0.8?5 
8.8? 1.93? 0.?84 
11.9? 1.243 0.?12 
l?.l? 0.4?5 0.580 
6/9/8? 1?.31 0.343 0.540 
6/10/8? 1?.84 0.354 0.544 
6/11/8? 18.8? 0.28? 0.520 
6/12/8? 3.41 3.?95 0.906 
6.6? 2.566 0.833 
10.48 1.5?? 0.?50 
13.53 0.801 0.649 
19.9? 0.244 0.502 
Calculated Aggregate Characteristics^ 
Date Aggregate Density, 
qlcvr 
Aggregate Diameter, 
microns 
6/8/8? 1.021 346 
6/12/8? 1.023 289 
"Measured particle density = 2.55 g/cm^. 
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Table D-3. Aggregate characteristic data collected during 
continuous thickening tests Amesl3 through 
Amesl6R 
Hindered Settling Test Results 
Date Solids Interface (V,iiiin/s)^/**®® 
Concentration, g/L Recession 
Velocity, 
cm/min. | 
8/11/87 17.0 0.918 0.668 1 
3.52 6.267 1.009 
6.22 3.986 0.916 
8.93 2.505 0.829 
11.22 1.726 0.765 
8/12/87 18.0 0.822 0.652 
8/13/87 18.26 0.697 0.629 
6.92 3.342 0.882 
9.66 2.400 0.821 
12.72 1.388 0.730 
Calculated Aggregate Characteristics" 
Date Aggregate Density, 
q/ca? 
Aggregate Diameter, 
microns 
8/11/87 1.022 368 
1 8/13/87 1.025 307 
"Measured particle density =2.57 g/cm^. 
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Table D-4. Aggregate characteristic data collected during 
continuous thickening tests Narshl through 
MarshS 
Hindered Settling Test Results 
Date Solids 
Concentration, g/L 
Interface 
Recession 
Velocity, 
cm/min. 
(V,inm/s)^/4'65 
6/23/87 
6/24/87 
6/25/87 
10.11 
15.22 
20.36 
29.01 
43.39 
43.28 
7.43 
16.82 
22.56 
27.87 
41.66 
6.962 
5.485 
4.294 
2.865 
1.197 
0.965 
5.116 
3.792 
3.191 
2.305 
1.005 
1.032 
0.981 
0.931 
0.853 
0.707 
0.675 
0.966 
0.906 
0.873 
0.814 
0.681 
Calculated Aggregate Characteristics* 
Date Aggregate Density, 
g/cm^ 
Aggregate Diameter, 
microns 
6/23/87 
6/25/87 
1.071 
1.068 
214 
201 
"Measured particle density =2.60 g/cm^. 
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Table D-5. Aggregate characteristic data collected during 
continuous thickening tests MarshG through 
MarshSR 
Hindered Settling Test Results 
Date Solids 
Concentration, g/L 
Interface 
Recession 
Velocity, 
cm/min. 
(V,mm/s)l/4'6S 
7/14/89 12.05 6.617 1.021 
18.23 5.346 0.975 
24.11 4.344 0.933 
36.17 2.460 0.826 
7/15/87 34.38 2.405 0.822 
7/16/87 13.42 4.88 0.957 1 
18.37 4.12 0.922 1 
24.00 3.46 0.888 
34.7 2.11 0.799 
Calculated Aggregate Characteristics* 
Date Aggregate Density, Aggregate Diameter, 
g/cm^ microns 
7/14/87 1.090 178 
7/16/87 1.088 165 
2.60 g/cm^. 
346 
Table D-6. Aggregate characteristic data collected during 
continuous thickening tests MarshlO through 
MarshlSR 
Hindered Settling Test Results 
1 Date Solids 
Concentration, g/L 
Interface 
Recession 
Velocity, 
cm/min. 
(V,inm/s)^/*'®® 
8/18/87 9.52 5.773 0.992 
13.17 4.062 0.920 
18.25 2.446 0.824 
26.73 1.243 0.713 
28.03 0.991 0.679 
9.12 3.797 0.906 
14.07 2.762 0.846 
18.17 2.187 0.805 
26.93 0.989 0.679 
1 Calculated Aggregate Characteristics* 
1 Date Aggregate Density, 
q/Go? 
Aggregate Diameter, 
microns 
8/18/87 1.035 344 
8/20/87 1.043 247 
"Measured particle density =2.59 g/cm^. 
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APPENDIX S: SEDIMENT HEIGHT TEST DATA FOR AMES AND 
MARSHALLTOHN WATER TREATMENT PLANT SLUDGES 
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Table E-1. Data and calculations for final sediment height 
tests during continuous thickening experiments 
Amesl-Ames6R 
Date 
Column 
Height 
cm 
Suspended 
Solids 
Concentration 
g/L 
Final 
Sediment 
Height 
cm 
Solids Volume | 
per 
Unit Area 
cm'/cm^ 
6/1/87 7.45 8.62 2.81 0.0252 
15.13 8.50 4.84 0.0504 
30.4 8.47 8.56 0.1010 
45.65 8.57 12.07 0.1534 
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Figure E-1. Sediment height test data for Ames water 
treatment plant sludge used in continuous 
thickening sequence Amesl-6R 
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Table E-2. Data and calculations for final sediment height 
tests during continuous thickening experiments 
Ames7-Amesl2 
Date 
Column 
Height 
cm 
Suspended 
Solids 
Concentration 
g/L 
Final 
Sediment 
Height 
cm 
Solids 1 
Volume per 1 
Unit Area 1 
cm'/cm' 1 
6/1/87 7.45 8.73 3.0 0.0255 1 
15.13 8.76 5.25 0.0520 1 
30.4 8.7 9.2 0.1037 
45.65 8.71 12.85 0.1559 
6/11/87 7.45 9.54 2.49 0.0279 
15.13 9.58 4.43 0.0568 
30.4 9.57 7.93 0.1141 
45.65 9.64 11.15 0.1726 1 
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Figure E-2. Sediment height test data for Ames water 
treatment plant sludge used in continuous 
thickening sequence Ames?-12 
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Table E-3. Data and calculations for final sediment height 
tests during continuous thickening experiments 
Amesl3-Amesl6R 
Date 
Column 
Height 
cm 
Suspended 
Solids 
Concentration 
g/L 
Final 
Sediment 
Height 
cm 
Solids 1 
Volume per 1 
Unit Area |
cm'/cm' 
8/11/87 7.45 8.34 2.78 0.0242 
15.13 8.37 4.77 0.0493 
30.4 8.42 8.35 0.0996 
45.65 8.42 11.72 0.1496 
8/13/87 7.45 9.6 2.46 .0.0278 
15.13 9.6 4.23 0.0565 
30.4 9.6 7.5 0.1136 
45.65 9.6 10.55 0.1705 
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Figure E-3. Sediment height test data for Ames water 
treatment plant sludge used In continuous 
thickening sequence Amesl3-16R 
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Table E-4. Data and calculations for final sediment height 
tests during continuous thickening experiments 
Marshl-MarshS 
Date 
Column 
Height 
cm 
Suspended 
Solids 
Concentration 
g/L 
Final 
Sediment 
Height 
cm 
Solids I 
Volume per 1 
Unit Area 1 
cm'/cm' 1 
6/22/87 7.45 21.39 2.22 0.0613 1 
15.13 21.17 3.91 0.1232 1 
30.4 20.78 7.08 0.2430 
45.65 21.14 10.06 0.3712 
6/25/87 7.45 20.1 1.87 0.0576 
15.13 20.1 3.37 0.1170 
30.4 19.53 6.1 0.2284 
45.65 20.46 8.75 0.3592 
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Figure E-4, Sediment height test data for Marshal Itown water 
treatment plant sludge used in continuous 
thickening sequence Marshl-5 
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Table E-5. Data and calculations for final sediment height 
tests during continuous thickening experiments 
Marsh6-Marsh9R 
Date 
Column 
Height 
cm 
Suspended 
Solids 
Concentration 
g/L 
Final 
Sediment 
Height 
cm 
Solids 1 
Volume per { 
Unit Area 
cn?/ctt? 
7/14/87 7.45 18.44 1.55 0.0528 
15.13 18.0 2.73 0.1047 
30.4 18.22 4.92 0.2130 
45.65 18.38 7.07 0.3227 
7/16/87 7.45 18.0 1.33 0.0516 
15.13 17.19 2.33 0.1000 
30.4 17.68 4.28 0.2067 
45.65 17.77 6.22 0.3120 
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Sediment height test data for Marshal Itown water 
treatment plant sludge used in continuous 
thickening sequence Marsh6-9R 
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Table E-6. Data and calculations for final sediment height 
tests during continuous thickening experiments 
NarshlO-Marshl3R 
Date 
Column 
Height 
cm 
Suspended 
Solids 
Concentration 
g/L 
Final 
Sediment 
Height 
cm 
Solids 
Volume per 
Unit Area 
8/18/87 7.45 13.95 2.8 0.0401 1 
15.13 13.95 4.8 0.0815 
30.4 13.95 8.5 0.1637 
45.65 13.95 12.03 0.2459 
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Figure E-6. Sediment height test data for Narshalltown water 
treatment plant sludge used in continuous 
thickening sequence MarshlO-13R 
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APPENDIX Wi PARTICLE SIZE DISTRIBUTION DATA FOR AMES AND 
MARSHALLTOWN WATER TREATMENT PLANT SLUDGES 
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Figure F-1. Amem water treatment plant sludge particle size 
distributions obtained during continuous 
thickening experiment sequence Anesl-GR 
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Figure F-2. Anes water treatment plant sludge particle size 
distributions obtained during continuous 
thickening experiment sequence Ames?-12 
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Figure F-3. Ames water treatment plant sludge particle size 
distributions obtained during continuous 
thickening experiment sequence Amesl3-16R 
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Figure F-4. Harshalltown treatment plant sludge particle size 
distributions obtained during continuous 
thickening experiment sequence Marshl-5 
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Figure F-5. Marshalltown treatment plant sludge particle size 
distributions obtained during continuous 
thickening experiment sequence Marsh6-9R 
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Figure F-6. Harehalltown treatment plant sludge particle size 
distributions obtained during continuous 
thickening experiment sequence NarshlO-13R 
